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ABSTRACT
In this thesis we proved the feasibility of using classical atomic simulations, namely molecular
dynamics and molecular statics, to study the piezoelectric properties of bulk and nanobelts ZnS
structures, by utilizing the core-shell atomic potential model. Based on the verification of bulk
and nanobelts ZnO piezoelectric constants, utilizing LAMMPS scripts and the Nyberg et al.
core-shell potential, we reported the bulk ZnS piezoelectric constants calculated using three
different classical interatomic core-shell ZnS potentials; the Wright and Jackson (1995) potential,
the Wright and Gale (2004) potential, and the Namsani et al. (2015) potential. The simulation
results showed that the Wright and Gale (2004) ZnS potential, which includes a four-body
bonded term, is the most reliable potential to be used for large-scale atomic simulation of
piezoelectric response of the bulk ZnS structures. Utilizing the Wright and Gale (2004) potential,
we further studied the effect of size scale effect on the piezoelectric response of ZnS nanobelts
by conduction molecular dynamics simulations for six ZnS nanobelts with length of 91.75 Å and
transverse size of 22.94 - 42.06 Å. The results showed that, as with the ZnO nanobelts, the
change of piezoelectric constant decreased with the increase of the size of the ZnS nanobelts
structures.
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CHAPTER 1
INTRODUCTION
Piezoelectric materials have long attracted the attention of scientists and engineers
because they can convert mechanical strain into available electrical energy [1-3]. This
characteristic is termed piezoelectric. Basically, it is the accumulation of charges within certain
solid materials, such as crystals or ceramics, when exposed to mechanical stress. Several
research communities have been interested in metal oxide [4-15] and metal sulfide [16-23]
because of their ability to convert mechanical strain energy into electrical energy in nano/micro
devices.
Among the metal oxide and metal sulfide, zinc oxide (ZnO) and zinc sulfide (ZnS) have
attracted the attention of many researchers [11-23]. Both ZnO and ZnS have hexagonal wurtzite
(WZ) and cubic zinc blende (ZB) structures. ZnO can also exist as rock salt, with the WZ
structure being the most stable phase at ambient conditions [11, 12], while for ZnS, the ZB
structure, also called sphalerite, is the more stable cubic form [18]. Sphalerite can easily
transform into wurtzite at 1013 °C or 1031 °C temperatures, depending on sulfur activity [23].
In the tetrahedral bonded semiconductors, ZnO has the highest piezoelectric tensor, which makes
it an important technical material in many practical applications, such as mechanical actuators
and piezoelectric sensors [5, 7]. Similarly, in wide bandgap semiconductors, ZnS is an important
material for designing high-performance optoelectronic devices, including light-emitting diodes
and laser diodes in blue or ultraviolet regions [16]. In addition, by combining the anionic
alloying of sulfur (S) and ZnO, Zn (O, S) mixed crystals can be prepared for the development of
more efficient solar cells [25].
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Over the recent years, several experimental and numerical studies have been carried out
to understand the experimental, mechanical, and piezoelectric properties of ZnO [1-7, 11, 13].
Agrawal et al. presented an experimental and computational method to clearly quantify the size
effect on young's modulus of ZnO nanowires and explain the origin of scaling [1]. Zhao et al.
used piezo-response force microscopy (PFM) to measure the effective piezoelectric coefficient
of a single (0001) surface dominated ZnO nanobelt lying on a conductive surface [2]. Noel et al.
conducted an ab initio study of the spontaneous polarization and piezoelectric constants of bulk
ZnO and BeO [3]. Corso et al. demonstrated the feasibility of ab initio studies of piezoelectricity
within an all-electron scheme with a focus on wurtzite ZnO and compared the results with BeO
and ZnS [5]. Hill et al. presented a first-principles study of the relationship between stress,
temperature, and electronic properties in piezoelectric bulk ZnO [7]. Dai et al. demonstrated the
feasibility of using molecular dynamics (MD) and molecular statics (MS), to study the
piezoelectric properties of bulk ZnO using core-shell interatomic potentials [6]. Momeni et al.
investigated the size scale effect on the piezoelectric properties of bulk ZnO and nanobelts by
using classical MD simulation [11]. Wang et al. used the MD method to investigate the tensile
behavior of ultra-thin ZnO nanowires in <0001> orientation with three different diameters [13].
Furthermore, much research studied the synthesis, mechanical and piezoelectric
properties of bulk ZnS and nanobelts [5, 16-18, 20, 35]. Wang et al. synthesized singlecrystalline and pure ZnS nanobelts with periodically modulated thickness through a controllable
and simple one-step chemical vapor deposition (CVD) method [16]. Li et al. measured the
mechanical properties of ZnS nanobelts at room temperature by direct nanoindentation
experiment [17]. Corso et al. conducted an ab initio study to calculate the theoretical
piezoelectric tensor component of bulk ZnS and compared to the experimental values [5].
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Ferahtia et al. used ab initio calculation to investigate the structure, elasticity, and piezoelectric
properties of wurtzite ZnS and ZnSe [18]. Catti et al. also used ab initio calculation to calculate
the complete piezoelectric tensor of ZnO and ZnS wurtzite and sphalerite polymorphs [20].
Using MD simulation, Khalkhali et al. studied the structural evolution of 1-5nm independent
ZnS nanoparticles with sphalerite and wurtzite crystal structures [35].
Ab initio calculations are reliable simulation methods, but they are not feasible for the
simulation of most systems containing a few hundreds of atoms due to their high computational
cost and do not include finite temperature, or thermal effects [3]. Molecular dynamics (MD)
simulations can avoid the temperature and length scale problems related to ab initio calculations
by providing a more practical method of simulating a more realistic system size of more atoms
[33].
A number of researchers have developed interatomic potentials for ZnS [21-23, 28-30,
34]. Khalkali et al. reviewed five ZnS empirical potentials and tested their performance in
predicting different ZnS properties. The properties tested in their work include the mechanical
and structural properties, phonon dispersion relation, surface energy and structure, behavior
under pressure, thermal expansion, and energy hypersurface [34]. The author concluded that
reliability of a particular empirical potentials and the choice of potential is highly dependent on
the application that the molecular mechanic simulation aims for, and therefore each of these
potentials is designed to reproduce some specific ZnS properties [34]. In this thesis, we
investigated three classical interatomic core-shell potentials and report their accuracy in
predicting the piezoelectric response to the bulk ZnS and the influence of size scale effect on the
piezoelectric response to ZnS nanobelts through MD simulations.
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CHAPTER 2
METHODS
In this work, three ZnS potentials based on the Buckingham-type potential and labeled
PT1, PT2, and PT3, were considered. PT1 is the Wright and Jackson potential [21], PT2 is the
Wright and Gale potential [22], and PT3 is the Namsani et al. potential [23]. The three potentials
can be represented as either a traditional core-only (rigid ion) potential, or a core–shell potential,
in which each point ion consists of a core of charge X and a shell of charge Y such that the sum
of the core and shell charges (X + Y) equals the formal charge of the ion. The Wright and Jackson
potential (PT1) combines a Buckingham interaction with a shell model for both Zn and S, plus a
bonded harmonic three-body term for the S-Zn-S bond. The Buckingham (short range) +
Coulomb (long-range) has the form
𝑈𝑖𝑗 =

𝑞𝑖 𝑞𝑗
4𝜋ɛ0 𝑟𝑖𝑗

𝑟𝑖𝑗

+ ∑𝑖𝑗 𝐴𝑖𝑗 𝑒𝑥𝑝 [𝜌𝑖𝑗] − 𝐶𝑖𝑗 𝑟𝑖𝑗−6

(1)

And a three-body term is given by
1

𝑏
𝑈𝑖𝑗𝑘
= 2 𝑘𝜃 (𝜃𝑖𝑗𝑘 − 𝜃0 )

2

(2)

The potential parameters were derived by empirical fitting to crystal properties and are presented
in Table 1, along with experimental lattice constants, where the internal parameter 𝑢 defined as
the anion-cation bond length along the [0001] axis in units of 𝑐.
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Table 1. Parameters for PT1, PT2, and PT3 ZnS potentials. PT1 is the Wright and Jackson
potential, PT2 is the Wright and Gale potential, and PT3 is the Namsani et al. potential [2123].
Species
Zn core – S core
S core – S core
Zn core – S shell
S shell – S shell
Zn core – S shell
S shell – S shell
Three-body potential
S core – Zn core – S core
S shell – Zn core – S shell
S shell – Zn core – S shell
Torsional potential
Zn core - S shell –
Zn core - S shell
Charge (e)
PT1
PT2
PT3
Lattice
Constants

PT1
PT2
PT3

PT1
PT2
PT3
PT2

A (eV)

ρ (Å)

C (eV Å-6)

Cut-off (Å)

528.889
1200.000
672.288
1200.0
580.84615
1199.78975

0.411
0.149
0.39089
0.149
0.400505
0.148604

0.000
120.000
0.00
0.0
0.00
0.0

12.000

k(eV/rad-2)

θ0(°)

ρ1/ρ2(Å)

Cut-off (Å)

0.713
9428340
7000859.729

109.47
109.47
109.47

0.3
0.3

12.0
6.0
12.0

Kt (eV)

m/n

rmin (Å)

rmax (Å)

0.005

+1/ +3

2.5

3.0

Zn core

Zn shell

S core

S shell

+2.00
+2.00
+2.00

0.00
0.00
0.00

a (Å)

c (Å)

3.8227

6.2607

12.000
12.000

-2.00
0.00
+1.03061
-3.03061
+1.087526
-3.087526
|𝒛(𝑶) − 𝒛(𝒁𝒏)|
𝒖=
𝒄
0.3748

Wright and Gale ZnS core-shell potential model (PT2) includes in addition to the twobody potential and three-body potentials in Equations (1) & (5), higher order four-body potential
to allow for torsional effects. The form of the torsion potential is shown in Equation (3) & (4)
and includes a taper term to limit the spatial extent of the interaction smoothly, again to prevent
discontinuous behavior as the coordination geometry varies. The potential parameter for ZnS
given by
𝑡
𝑈𝑖𝑗𝑘𝑙
= 𝑘𝑡 [1 + 𝑚 cos(𝑛𝜑 − 𝜑0 )]𝑓(𝑟𝑖𝑗 )𝑓(𝑟𝑗𝑘 )𝑓(𝑟𝑘𝑙 )

Where the taper function 𝑓(𝑟) takes the form,
r < r𝑚𝑖𝑛 𝑓(𝑟𝑖𝑗 ) = 1
𝑟𝑚𝑖𝑛 < 𝑟 < 𝑟𝑚𝑎𝑥 𝑓(𝑟) =

1
2

{1 + cos (𝜋
5

(𝑟−𝑟𝑚𝑖𝑛 )
𝑟𝑚𝑎𝑥 −𝑟𝑚𝑖𝑛

)}

(3)

r𝑚𝑎𝑥 < r f(r) = 0

(4)

Namsani et al. ZnS core-shell potential model (PT3) combines the above Buckingham
two-body potential in Equation (1) with a harmonic three-body potential. Their three-body
potential contains exponential decay terms, as shown in Equation (5), to avoid discontinuous
behavior of the potential with respect to the atom movement in the coordination shells.
2

1

𝑟

𝑟

𝑏
𝑈𝑖𝑗𝑘
= 2 𝑘𝜃 (𝜃𝑖𝑗𝑘 − 𝜃0 ) exp (− 𝜌𝑖𝑗) exp (− 𝜌𝑖𝑘)
1

2

(5)

Their potentials fitting parameters are listed in Table 1. As it can be seen in the Table 1, the Zn
ion was taken to be rigid (i.e., no shell) with a fixed formal charge of 2+, while the S ion was
assumed to be more polarizable and so described by a core and shell.
As a test for the reliability of the present potentials, the bulk modulus for the bulk ZnS
was calculated and compared to the experimental results. Volumes at various pressures and
temperatures of 1 K and 300 K were calculated. Using a numerical differentiation method, the
bulk modulus was calculated from the pressure-volume data and the relation
𝜕𝑃

𝐵 = −𝑉 𝜕𝑉

(6)
𝜕𝑃

where P is pressure, V is volume, and 𝜕𝑉 denotes the partial derivative of pressure with
respect to volume. Table 2 lists the calculated bulk modulus values obtained from the present
three potentials with core-core and core-shell MD simulations. From Table 2 it can be seen that
our calculated values using PT2 and PT3 potentials are in good agreement with the experimental
value and those obtained by PT2 and PT3. The largest deviation from the experimental value
resulted from using the PT1 ZnS potential. Figure 1 shows the pressure vs volume curve for ZnS
bulk modulus using the PT2 potential.

6

Table 2. Comparison of calculated bulk modulus for ZnS wurtzite structure with
experimental data and other works.
Bulk modulus

Temperature
(K)

This work
PT1
(GPa)

This work
PT2
(GPa)

This work
PT3
(GPa)

Core-core
Core-core
Core-shell
Core-shell
Other works
Exp.

1
300
1
300
-

69.49
69.70
-

73.66
74.08
73.36
72.23
76.4 [3]

72.32
71.55
72.05
70.91
70.91 [4]

74.0 [22]

Figure 1. Calculated ZnS bulk modulus using the PT2 potential [22].
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CHAPTER 3
BULK ZINC OXIDE CORE-CORE AND CORE-SHELL SIMULATIONS
3.1 Bulk Zinc Oxide Core-Core Simulations
Dai et al. calculated the piezoelectric constants for bulk ZnO [6]. In their MD
simulations, they considered two classical core-shell potentials, that of Binks et al. [37] and
Nyberg et al. [38], where both potentials take the Buckingham-type form shown in Equation (1)
and can be used as either a traditional core-only (rigid ion) potential, or a core-shell potential. To
validate our LAMMPS MD simulation code that will be utilized to calculate the piezoelectric
coefficients for bulk ZnS, we first utilized the script code to run both core-core and core-shell
MD simulations using the Buckingham potential to calculate the piezoelectric coefficients for
bulk ZnO. The Nyberg potential parameters that were used in the simulations are listed in Table
3. Following the modeling procedure of Dai et al. [6], we run MD simulations by considering
Table 2. Buckingham & Core-shell parameters with electric charges and Lattice
parameters for the Nyberg et al. for ZnO [38].
Nyberg

Charges
Lattice
Constants

Species

𝑨 (𝐞𝐕)

𝝆 (Å)

𝑪 (𝐞𝐕 Å𝟔 )

𝑂2− − 𝑂2−
𝑍𝑛2+ − 𝑂2−
𝑍𝑛2+ − 𝑍𝑛2+

22764.0

0.1490

27.88

499.6

0.3595

0.0

0.0

0.0

0.0

Zn core

O core

Zn shell

O shell

-0.05

0.00

2.05

-2.00

𝒂 (Å)

𝒄 (Å)

3.2495

5.2069

𝒖=

|𝒛(𝑶) − 𝒛(𝒁𝒏)|
𝒄
0.375

a wurtzite ZnO structure with 6 × 6 × 6-unit cells for a total of 1728 atoms (see Figure 3).
Periodic boundary conditions were imposed in all three coordinate directions to mimic a bulk
ZnO crystal. MD annealing simulations with a Nose-Hoover NPT ensemble from 500 K to 0.1 K
in 100 picoseconds were performed during each run. All classical atomistic simulations were
8

performed using the open-source molecular simulation code LAMMPS. Each NPT annealing
simulation was followed by non-equilibrium MD (NEMD) simulation with Nose-Hoover NVT
ensemble at 0.1K. Therefore, during each NVT run the volume of the simulation box was
changed by applying strain rates of 108 s-1 in tension and compression along the z-direction in
100 picoseconds resulting in small strains between −1 and 1%. During the deformation process,
the strain and resulting ZnO lattice parameters and volume were saved to a text file at various
time steps. The structure atomic types and positions were also saved to an XMol XYZ file
format. Utilizing the MD simulation data, the piezoelectric constants were calculated using
Equations (7) - (9).
(0)

𝑒𝑖𝑗 = 𝑒𝑖𝑗 + eint
ij
(0)

𝑒𝑖𝑗

=

𝑖𝑛𝑡
𝑒𝑖𝑗
=

𝜕𝑃𝑖
𝜕𝜀𝑗
𝜕𝑃𝑖

(7)

|

|

(8)

𝑢
𝜕𝑢

(9)

𝜕𝑢 𝜀𝑗 𝜕𝜀𝑗

(0)

where 𝑒𝑖𝑗 is the clamped ion term, which represents the influence of electron delocalization on
𝑖𝑛𝑡
the piezoelectric properties, while 𝑒𝑖𝑗
is the internal piezoelectric constant, which represents the

contribution to the piezoelectricity of the change in position of atoms due to applied strain, 𝑢 is
the fractional crystallographic coordinate along the kth direction in the unit cell, 𝑃𝑖 is the electric
dipole moment vector, and 𝜀𝑗 is the strain in Voigt notation. It should be noted that 𝑒𝑖𝑗 is a 3 × 6
matrix.
To calculate the piezoelectric response associated with the c-axis the polarization was
determined from
𝑃3 = 𝑃3 (𝑢(𝜀3 ), 𝜀3 ) = 𝑃3𝑒𝑙𝑒𝑐 (𝜀3 ) + 𝑃3𝑑𝑖𝑠 (𝑢(𝜀3 ))
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(10)

where 𝑃3𝑒𝑙𝑒𝑐 (𝜀3 ) is the polarization due to the relative displacement of electrons and core, and
𝑃3𝑑𝑖𝑠 (𝑢(𝜀3 )) represents the polarization due to the relative displacement between zinc and sulfur
atoms. From Equation (9) the piezoelectric constants, 𝑒33 , can be calculated as
𝜕𝑃

𝑒33 = 𝜕𝜀3 =

𝜕𝑃3𝑒𝑙𝑒𝑐 (𝜀3 )
𝜕𝜀3

3

=

=

𝜕𝑃3𝑒𝑙𝑒𝑐 (𝜀3 )
𝜕𝜀3

𝜕𝑃3

| +

𝜕𝜀3 𝑢

+

𝜕𝑃3𝑑𝑖𝑠 (𝑢(𝜀3 ))

+

𝜕𝜀3

∂𝑃3𝑑𝑖𝑠 (𝑢(𝜀3 )) d𝑢(𝜀3 )

𝜕𝑃3

𝜕𝜀3

|

𝜕𝑢(𝜀3 ) 𝜀
3

d𝜀3

𝜕𝑢(𝜀3 )
𝜕𝜀3

，

，

，

(0)

= 𝑒33 + eint
33

(11)

The polarization 𝑃3 is calculated as:
𝑃3 = 𝑒31 𝜖1 + 𝑒32 𝜖2 + 𝑒33 𝜖3 =

where 𝑒31 = 𝑒32 , ɛ1 = ɛ2 = ɛ =

𝑎− 𝑎0
𝑎0

, ɛ3 =

∑𝑖 𝑟𝑖 𝑞𝑖
𝑉𝑐𝑒𝑙𝑙

=

−4𝑞𝑢
√3𝑎2 (1+𝜖1 )(1+𝜖2 )

(12)

(𝑐− 𝑐0 )
𝑐0

and 𝑒33 is giving by
ẽ33 =

𝜕𝑃3
𝜕𝜀3

= 𝑒33 =

−4𝑞 d𝑢

(13)

√3𝑎0 2 𝜕𝜀3

In our ZnO MD simulations, we first considered only the core-core interaction, and the
effect of polarization between the nucleus and electron cloud was neglected, which resulted in
(0)

the elimination of the clamped ion term, i.e., 𝑃3𝑒𝑙𝑒𝑐 (ε3 ) = 0 and 𝑒𝑖𝑗 = 0 from Equations (7) to
(11). The piezoelectric constants ẽ33 calculated using the Nyberg potential are summarized in
Table 3, including the two terms comprising the internal strain term, along with the proper and
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improper piezoelectric constants are tabulated. Where the improper piezoelectric tensor is
calculated as
𝜕𝑃

𝑒𝑖𝑗𝑘 = 𝜕𝜀 𝑖

(14)

𝑗𝑘

Table 3. ZnO Results of e33 piezoelectric constants for core-core and core-shell.
Methods
Potentials
𝒂
𝒄
𝒖
𝑷𝟑
𝑷𝒕𝒉𝒆𝒐
𝟑
𝑷𝒆𝒒 = 𝑷𝟑 − 𝑷𝒕𝒉𝒆𝒐
𝟑
𝝏𝒖/𝝏𝜺𝟑
𝝏𝑷𝟑 /𝝏𝒖
𝝏𝑷𝟑 𝝏𝒖
𝒊𝒏𝒕
ẽ𝟑𝟑 =
𝝏𝒖 𝝏𝜺𝟑
𝝏𝑷𝟑
𝒆𝒊𝒏𝒕
𝟑𝟑 =
𝝏𝜺𝟑
(𝟎)
𝒆𝟑𝟑
(𝟎)

𝒆𝟑𝟑 = 𝒆𝟑𝟑 + 𝒆𝒊𝒏𝒕
𝟑𝟑

This work
No shell
Shell
Nyberg Nyberg

Dai et al. [6]
No shell
Shell
Nyberg
Nyberg

DFT [6]

3.2305
5.0772
0.389
-2.7589
-2.6281
-0.1308

3.2304
5.0769
0.389
-2.7598
-2.6281
-0.1317

3.2303
5.0767
0.389
-2.7587
-2.6281
-0.099

3.2303
5.0767
0.389
-2.7587
-2.6281
-0.099

-0.182
-7.09
1.29

-0.193
-7.09
1.369

-0.182
-7.09
1.29

-0.211
-7.09
1.496

1.29

1.369

1.29

1.496

0

-0.084

0

-0.22

-0.45→ -0.73

1.29

1.285

1.29

1.27

0.89→ 1.31

Exp. [5, 44]
3.2495
5.2069
0.382

-0.029→ -0.057
-0.21→ -0.254
-7.10→ -7.60

0.79→1.18

From Table 4, it can be seen that our results for the core-only lattice constants, 𝑒33
piezoelectric constant, and related data obtained using the Nyberg potential are in complete
agreements with those obtain by Dai et al. [6].
The value for the core-only polarization 𝑃3 calculated at equilibrium or zero strain is
given in Table 4 and is in perfect agreement with the value obtained by Dai et al. [6]. Table 4.
also shows the spontaneous polarization 𝑃𝑒𝑞 calculations for the core-only bulk ZnO structure,
where 𝑃𝑒𝑞 is defined as the difference between the theoretical polarization 𝑃3𝑡ℎ𝑒𝑜 (i.e., when 𝑢 =
0.375) and the minimum energy polarization 𝑃3 , which appears when 𝑢 = 0.389 using the
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Nyberg potential. Our 𝑃𝑒𝑞 value is in good agreement with those obtained by Dai et al., but as
with Dai et al. our value is also larger than those obtained by DFT calculations [6].
Figure 2. shows the plots resulting from our MD simulations from which the core-only
values in Table 4 were obtained by performing linear fits to the data in Figure 2. The proper
𝑖𝑛𝑡
piezoelectric constant 𝑒33 was obtained by evaluating the 𝑒33
term in Equation (11), which

correspond to multiplying the two slops value of the

𝜕𝑃3
𝜕𝑢

𝜕𝑢

and 𝜕𝜀 plots in Figure 2. From Figure 2.
3

it can be seen that the 𝑃3𝑑𝑖𝑠 (𝑢(𝜀3 )) polarization values obtained using the fraction coordinates
and the volume average utilizing Equation (11) are in perfect agreement. We note the slop

𝜕𝑃3
𝜕𝑢

can also be calculated analytically.

(b)

(a)

(c)

(d)

Figure 2. Plots utilized to calculate the proper and improper piezoelectric
constant 𝒆𝒊𝒏𝒕
𝟑𝟑 without shell. (a) the polarization P3 as a function of the fractional
coordinate u without shell; (b) fractional coordinate u as a function of the strain
ɛ3; (c) the volume as a function of strain ɛ3; (d) the polarization P3 as a function
of the strain ɛ3 without shell.
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(a)

(b)

Figure 3. 6x6x6 bulk ZnO structure for (a) core-only and (b) core-shell.

3.2 Bulk Zinc Oxide Core-Shell Simulations
In our core-shell ZnO MD code validation simulations, the interaction between the
nucleus and electron cloud was taken into consideration, and the clamped ion terms, 𝑃3𝑒𝑙𝑒𝑐 (ε3 )
(0)

and 𝑒𝑖𝑗 from Equations (7) to (11) were included in the calculations of the polarization 𝑃3 and
piezoelectric constants 𝑒33 . Table 4 lists the results for the core-shell lattice constants, minimum
energy polarization 𝑃3 , spontaneous polarization 𝑃𝑒𝑞 , and 𝑒33 piezoelectric constant and related
data obtained using the Nyberg potential. As with the core-only simulation results our core-shell
results are in excellent agreements with those obtain by Dai et al. [6].
Figure 4 shows the graphs resulting from our MD simulations from which the core-shell
values in Table 4 were obtained by performing linear fits to the data in Figure 4. When the shell
𝜕𝑢

is considered, the 𝜕𝜀 term becomes more negative due to increased relaxation effects, and thus
3

becomes more accurate as compared to the DFT results. The proper (core-core) piezoelectric
𝑖𝑛𝑡
constant 𝑒33
was obtained by evaluating Equation (9), which correspond to multiplying the two

slops value of the

∂P3
∂u

∂u

and ∂ε plots in Figure 4(a) and 4(b) respectively. Figure 4(d) shows the 𝑃3
3
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= P3dis (core-core) polarization values alone with 𝑃3 = 𝑃3𝑒𝑙𝑒𝑐 (𝑐𝑜𝑟𝑒 − 𝑠ℎ𝑒𝑙𝑙) + 𝑃3𝑑𝑖𝑠 (𝑐𝑜𝑟𝑒 −
(0)

𝑐𝑜𝑟𝑒) for the strain range from -0.01 to 0.01. The value of clamped ion term 𝑒33 = -0.084 was
obtained by taken the difference between the slops of the two figures.

(b)

(a)

(c)

(d)

Figure 4. Plots utilized to calculate the proper and improper piezoelectric
constant 𝒆𝒊𝒏𝒕
𝟑𝟑 with shell, (a) the polarization P3 as a function of the fractional
coordinate u with shell; (b) fractional coordinate u as a function of the strain ɛ3;
(c) the volume as a function of strain ɛ3; (d) the polarization P3 as a function of
the strain ɛ3 with shell.

14

CHAPTER 4
BULK ZINC SULFIDE CORE-CORE AND CORE-SHELL SIMULATIONS
4.1 Bulk Zinc Sulfide Core-Core Simulations
After validating our LAMMPS core-only MD simulation code in the calculation of the
piezoelectric constants ẽ33 for the bulk ZnO, we utilized the code to conducted MD simulations
using the three ZnS potentials; PT1, PT2, and PT3 potentials to calculate the core-only bulk ZnS
piezoelectric constants. Since the PT2 and PT3 potentials include a harmonic three-body
potential with truncation terms, shown in Equation (5), which is not part of LAMMPS library of
potentials, we had to provide our own implementation for this potential. The harmonic threebody potential has the general form:
𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 )

(15)

where 𝐴(𝜃𝑗𝑖𝑘 ) is a purely angular function and 𝑆(𝑟)is a screening or truncation function with all
function arguments are scalars.
𝐴(𝜃𝑗𝑖𝑘 ) = 𝑘(𝜃𝑗𝑖𝑘 − 𝜃0 )

2

(16)

𝑟

𝑆(𝑟𝑖𝑗 ) = 𝑒𝑥𝑝 (− 𝜌𝑖𝑗)

(17)

1

𝑟

𝑆(𝑟𝑖𝑘 ) = 𝑒𝑥𝑝 (− 𝜌𝑖𝑘)

(18)

2

Appendix B shows the equations derivation and LAMMPS C++ implementation. To extract the
ZnS structural information, which includes the number of atoms, angles, and dihedrals,
LAMMPS data file needs to run a simulation, we implemented our own extraction code utilizing
MATLAB, included in Appendix B. Table 5 lists the structural information for ZnS with 6 × 6 ×
6 unit cells used in our MD simulations. For each potential the long-range Coulombic forces and
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energies were calculated using both the Ewald summation and Wolf summation methods [39],
where the Wolf summation methods is given by:
𝐸𝑡𝑜𝑡𝑎𝑙 (𝑟𝑖𝑗 ) = ∑𝑁
𝑖=1 ∑𝑗≠𝑖 𝐴 𝑒𝑥𝑝 (−
1

𝐸𝑙𝑜𝑛𝑔 = 2 ∑𝑗≠𝑖

𝑞𝑖 𝑞𝑗 𝑒𝑟𝑓𝑐(𝛼𝑟𝑖𝑗 )
𝑟𝑖𝑗

𝑟𝑖𝑗

𝐶

) − 𝑟 6 + 𝐸𝑙𝑜𝑛𝑔 (𝑟𝑖𝑗 )
𝜌

(19)

𝑖𝑗

1

+ 2 ∑𝑗≠𝑖

𝑞𝑖 𝑞𝑗 𝑒𝑟𝑓(𝛼𝑟𝑖𝑗 )

(20)

𝑟𝑖𝑗

Table 4. The structural data for ZnS with 6x6x6 unit cells and periodic boundaries.
Type
Atoms
Angles
Dihedrals

Data
1728
5184
31104

From Table 6, it can be seen that the proper and improper 𝑒33 piezoelectric constants
obtained using the PT2 and PT3 potentials with the Ewald summation method are in excellent
agreement with the experimental data. From the table it can also be seen that the values are in
closer agreement with the experimental data than the values obtained using the Wolf summation
method. The largest deviation from experimental value was obtained using the PT1 potential.
Table 5. Summary of piezoelectric constants e33 calculated using classical interatomic
potentials for bulk ZnS with core-only. In each potential the first and second data are
obtained from Ewald summation and Wolf summation methods respectively [39].
Potentials

Methods

𝝏𝑷𝟑
𝛛𝐮

𝛛𝐮
𝝏𝜺𝟑

ẽ𝒊𝒏𝒕
𝟑𝟑
𝝏𝑷𝟑 𝝏𝒖
=
𝝏𝒖 𝝏𝜺𝟑

PT1

Ewald
Wolf
Ewald
Wolf
Ewald
Wolf

-5.0785
-5.0272

-0.0932
-0.1006

0.473
0.505

0.473
0.505

-5.0074
-4.9570

-0.0512
-0.0594

0.256
0.294

0.256
0.294

-5.0627
-5.0131

-0.0522
-0.0630

0.264
0.315

0.264
0.315

PT2
PT3
a

𝒆𝒊𝒏𝒕
𝟑𝟑 =

𝝏𝑷𝟑
𝝏𝜺𝟑

Reference [40]., b Reference [5]., c Reference [9]., d Reference [41]., e Reference [42].
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𝒆𝟑𝟑
(Exp)

0.265a,0.27b
0.34c,0.347d
0.43e

Figure 5. shows the graphs resulting from the MD simulations from which the values in Table 6
were obtained by performing linear fits to the data in Figure 5. The proper piezoelectric constant
𝑖𝑛𝑡
𝑒33 was obtained by evaluating the 𝑒33
term in Equation (11), which correspond to multiplying

the two slops value of the

𝜕𝑃3
𝜕𝑢

𝜕𝑢

and 𝜕𝜀 plots in Figure 5. From Figure 5. it can be seen that the
3

𝑃3𝑑𝑖𝑠 (𝑢(𝜀3 )) polarization values obtained using the fraction coordinates and the volume average
utilizing Equation (12) are in perfect agreement. We note that the slop

𝜕𝑃3
𝜕𝑢

can also be calculated

analytically.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. Plots utilized to calculate the proper piezoelectric constant e33. (a) and
(b) using PT1 potential; (c) and (d) using PT2 potential; (e) and (f) using PT3
potential. Left side: the polarization P3 as a function of the fractional coordinate
u, Right side: fractional coordinate u as a function of the strain ɛ3 [21-23].
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From the expression
𝜕𝑃3

|
𝜕𝑢

𝜀3

=

−4𝑞

(21)

√3𝑎0 2

Which can be substituted in the eint
33 term in Equation (8) to obtain the expression
𝑒33 =

−4𝑞 𝜕𝑢(𝜀3 )
√3𝑎0 2 𝜕𝜀3

(22)

Figure 6. shows the graphs for the volume versus strain and 𝑃3 versus strain. The
improper piezoelectric constants 𝑒33 were obtained from the slops of the right plots by applying
Equation (14). It can be seen from the plots on the right side of Figure 6. that the improper
piezoelectric constants 𝑒33 values obtained using the volume average and the fraction
coordinates utilizing the two expressions in Equation (12) are also in perfect agreement. In
addition, as shown in Table 6 the proper and improper piezoelectric values are also in perfect
agreement.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6. Plots utilized to calculate the improper piezoelectric constant e33. (a)
and (b) using PT1 potential; (c) and (d) using PT2 potential; (e) and (f) using
PT3 potential. Left side: the volume as a function of strain ɛ3., Right side: the
polarization P3 as a function of the strain ɛ3 [21-23].

4.2 Bulk Zinc Sulfide Core-Shell Simulations
After validating our core-shell LAMMPS MD simulation code in the calculation of the
piezoelectric constants 𝑒33 for the bulk ZnO, we utilized the code to conduct MD simulations
using PT2 and PT3 core-shell potentials to calculate bulk ZnS piezoelectric constants.
Table 7 lists the results for the core-shell lattice constants, minimum energy polarization 𝑃3 ,
spontaneous polarization 𝑃𝑒𝑞 , and related data obtained using the PT2 and PT3 potentials. Our
calculated lattice constants from the MD core-shell simulations are in good agreement with the
19

experiment values and in better agreement than those obtained by Catti et al. [20]. Our minimum
energy polarization 𝑃3 and spontaneous polarization 𝑃𝑒𝑞 results are also in excellent agreements
with those obtain by Catti et al. [20]. Our

𝜕𝑃3
𝜕𝑢

values are also in excellent agreement with the

DFT value of -5.034 obtained by Catti et al. [20]. In addition, the values for

𝜕𝑃3
𝜕𝑢

calculated from

the slops of Figures 7(a) and 7(c) are in perfect agreement with the values obtained analytically
using the Equation (21).
𝜕𝑢

As with the bulk ZnO calculations, when the shell is considered, the 𝜕𝜀 term in Equation (13)
3

for both potentials became more negative due to increased relaxation effects, and thus became
more accurate but underestimated as compared to the available DFT data. Since the internal
strain component ẽ𝑖𝑛𝑡
33 is the product

𝜕𝑃3 𝜕𝑢
𝜕𝑢 𝜕𝜀3

, the values for ẽ𝑖𝑛𝑡
33 from calculation also became

more accurate but underestimated as compared to the available DFT calculations [5].
(0)

In the case of the core-only calculations using Equation (11), the clamped ion term 𝑒33 = 0, and
the piezoelectric constant 𝑒33 = ẽint
33 =

∂P3 ∂u
∂u ∂ε3

= 0.254 and 0.264 using the PT2 and PT3 potentials

respectively. Since the calculated 𝑒33 values are in excellent agreement with the experimental
value of 0.27, and the

𝜕𝑃3
𝜕𝑢

values are also in excellent agreement with the DFT data, we can

𝜕𝑢

conclude that the 𝜕𝜀 values should be accurate [5].
3

In the case of core-shell calculations, the internal strain component ẽ𝑖𝑛𝑡
33 =

𝜕𝑃3 𝜕𝑢
𝜕𝑢 𝜕𝜀3

values are

𝜕𝑢

underestimated in comparison to the DFT data, due to the fact that the 𝜕𝜀 term are
3

𝜕𝑢

overestimated [5]. Since the 𝜕𝜀 term depends on the fractional coordinate 𝑢 =
3

the strain ɛ3 =

(𝑐− 𝑐0 )
𝑐0

|𝑧(𝑆)−𝑧(𝑍𝑛)|
𝑐

and

, it can be concluded that the overestimation in the ∂u/∂ɛ3 values are due to
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the fractional coordinate 𝑢 term not being fully relaxed. This could be attributed to the spring
constant 𝐾 values used in Equation (16), for the harmonically coupled core-shell, not being fitted
to the piezoelectric constant data for bulk ZnS. As a results of the incomplete relaxation of the
(0)

fractional coordinate 𝑢 term, it can be seen from Table 7 that the clamped ion term 𝑒33 also
(0)

𝑖𝑛𝑡
tends to be underestimated compared with the DFT data. Since e33 = 𝑒33 + 𝑒33
, our calculated

values for core-shell piezoelectric constants 𝑒33 are also underestimated in comparison with our
core-only values and available DFT and experimental data.
Table 6. Summary of piezoelectric constants e33 calculated using classical interatomic
potentials for bulk ZnS both with and without shell [22, 23].
Methods
Potentials

No shell
This work
PT2

Shell
This work
PT2

No shell
This work
PT3

Shell
This work
PT3

DFT

Exp.

𝒂
𝒄
𝒖
𝑷𝟑
𝑷𝒕𝒉𝒆𝒐
𝟑
𝑷𝒆𝒒 = 𝑷𝟑 − 𝑷𝒕𝒉𝒆𝒐
𝟑
𝝏𝑷𝟑 /𝝏𝒖
𝝏𝒖/𝝏𝜺𝟑
𝝏𝑷𝟑 𝝏𝒖
ẽ𝒊𝒏𝒕
𝟑𝟑 =
𝝏𝒖 𝝏𝜺𝟑
𝝏𝑷𝟑
𝒆𝒊𝒏𝒕
𝟑𝟑 =
𝝏𝜺𝟑
(𝟎)
𝒆𝟑𝟑

3.8443
6.2960
0.3786
-1.8956
-1.8980
0.0024

3.8445
6.2965
0.3775
-1.8898
-1.8980
0.0082

3.8232
6.2615
0.3795
-1.9214
-1.8980
-0.0234

3.8237
6.2623
0.3789
-1.9180
-1.8980
-0.02

3.982c
6.500c
0.377c
-1.9092c
-1.8980c
-0.0112c

3.8227f
6.2607f
0.3748f

-5.0074
-0.0512
0.256

-5.0067
-0.1055
0.528

-5.0627
-0.0522
0.264

-5.0613
-0.0731
0.369

-5.26b, -5.034c
-0.19b, -0.147c
1.01b, 0.74c

0.256

0.528

0.264

0.369

1.01b, 0.74c

0

-1.186

0

-1.29

-0.76b, -0.59c

0.256

-0.6583

0.264

-0.9216

(𝟎)

𝒆𝟑𝟑 = 𝒆𝟑𝟑 + 𝒆𝒊𝒏𝒕
𝟑𝟑

0.24b, 0.15c

a

Reference [40]., b Reference [5]., c Reference [9]., d Reference [41]., e Reference [42].

f

Reference [43].

0.265a ,0.27b
0.34c, 0.347d
0.43e

Figures 7. and 8. shows the plots resulting from MD simulations from which the
𝑖𝑛𝑡
proper ẽ𝑖𝑛𝑡
33 and improper 𝑒33 values in Table 7 were obtained by performing linear fits to the
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data in the two figures. It can be seen that the 𝑃3𝑑𝑖𝑠 (𝑢(𝜀3 )) polarization values obtained using the
fraction coordinates and the volume average utilizing Equation (12) are also in perfect
agreement.

(a)

(b)

(c)

(d)

Figure 7. Plots utilized to calculate the proper piezoelectric constant e33. (a) and
(b) using PT2 potential; (c) and (d) using PT3 potential. Left side: the
polarization P3 as a function of the fractional coordinate u, Right side: fractional
coordinate u as a function of the strain ɛ3 [22, 23].
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(a)

(b)

(c)

(d)

Figure 8. Plots utilized to calculate the improper piezoelectric constant e33. (a)
and (b) using PT2 potential; (c) and (d) using PT3 potential. Left side: the
volume as a function of strain ɛ3., Right side: the polarization P3 as a function of
the strain ɛ3 [22, 23].
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CHAPTER 5
ZINC OXIDE AND ZINC SULFIDE NANOBELTS
5.1 Zinc Oxide Nanobelts
Using classical MD simulation techniques and rigid ion approximations, Momeni et al.
determined the size scale effect on the piezoelectric response of bulk ZnO and ZnO nanobelts
[11]. Based on their study, they found that the piezoelectric coefficient of ZnO NBs decreased
with increasing lateral dimensions, and converged to the bulk value as the lateral dimension
approached 40 Å. In their MD simulations they neglected the presence of the shell polarization
(i.e., rigid ion approximation) while modeling zinc-oxygen interaction using Binks et al. interatomic potential [37]. The Binks potential utilizes the Buckingham potential in Equation (1) with
the parameters listed in Table 8. To validate our LAMMPS MD simulation code that will be
utilized to calculate the piezoelectric coefficient of ZnS NBs, we utilized the code to calculate
the piezoelectric coefficient of ZnO NBs, following the modeling procedure of Momeni et al.
[11]. The ZnO NBs had a wurtzite crystalline structure with optimized lattice parameters as
listed in Table 8. Each NBs structure was created with three

Table 7. Buckingham & Core-shell parameters with electric charges and Lattice
parameters for the Binks et al. for ZnO [37].
Binks

Charges
Lattice
Constants

Species

𝑨 (𝐞𝐕)

𝝆 (Å)

𝑪 (𝐞𝐕 Å𝟔 )

𝑂2− − 𝑂2−
𝑍𝑛2+ − 𝑂2−
𝑍𝑛2+ − 𝑍𝑛2+

9547.96

0.21916

32.0

529.70

0.3581

0.0

0.0

0.0

0.0

Zn core
0.00

O core

Zn shell

O shell

0.04

2.00

-2.04

𝒂 (Å)

𝒄 (Å)

3.2495

5.2069
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𝒖=

|𝒛(𝑶) − 𝒛(𝒁𝒏)|
𝒄
0.375

separate regions: bottom, center, and top (see Figure 12). The coordinate locations along the
longitudinal axis for the boundary atoms, belonging to the bottom and top regions, where within
a 2.08 nm distance from both ends of the NBs and were assigned fixed motions for simulated
axial deformation of the NBs. Initial equilibrium of the NB structures was achieved at 0.1 K for
300 ps. Momeni et al. indicated that the smallest ZnO NB (8.13 Å), which has a thickness below
the critical thickness of 13 Å, underwent significant reconfiguration [11]. Their results are
consistent with previous reports on the reconfiguration of ZnO nanowires (NWs) with diameters
smaller than 13 Å [35, 45]. Following equilibration, the atoms at the bottom boundary remained
fixed while the atoms at the upper boundary displaced by 0.151 Å in tension. According to the
existing literatures, most of the stretching speeds range from 1m/s to 1000 m/s [7]. Therefore, the
deformation process of the nanobelts was conducted in the z-axial direction with a strain rate of
108 s-1, which corresponds to a stretching speed of 1.5 m/s. In Momeni et al. work, the effect of
polarization between the nucleus and electron cloud was neglected, which resulted in elimination
(0)

of the clamped ion term, i.e., 𝑃3𝑒𝑙𝑒𝑐 (𝜖3 ) = 0 and 𝑒𝑖𝑗 = 0 [11]. The volume of the ZnO NBs was
calculated as the volume of the continuum medium enclosing their structures, and the volume
average polarization vector was calculated using Equation (12). The six ZnO NBs that were
considered are listed in Table 9 along with their structure dimensions and total number of atoms.
The polarization vectors as a function of the fractional coordinate for the six NB systems are
shown Figure 9. The data points in the figure were derived from the MD simulations. The plot
lines in the figure correspond to the least square fit to each data set. The data indicate that the
NBs display linear piezoelectric behavior in the small strain regime. The piezoelectric
coefficients were calculated from the slopes of the linear curve fits and are listed in Table 9.
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From the table it can be seen that our results are in excellent agreement with piezoelectric
coefficients value obtained by Momeni et al. [11].

Table 8. ZnO Nanobelts dimensions along different direction, number of atoms, and
piezoelectric coefficient using the Binks et al. potential [37].
Index
NB 1
NB 2
NB 3
NB 4
NB 5
NB 6

x1 (a)

Dimensions (Å)
x2 (b)

x3 (c)

6.50
16.25
19.50
22.75
29.25
32.50

9.38
15.01
20.64
26.27
26.27
31.90

151
151
151
151
151
151
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No. of atoms

ẽ𝟑𝟑 = 𝒆𝟑𝟑
(C m-2)

2436
3828
6032
8700
11020
14616

2.7128
2.4158
2.1542
2.0124
1.9703
1.9097

(a)

(b)

(c)

(d)

(e)

(f)

Figure 9. The average polarization vectors (∂PV) vs. u calculated along the z-axis
for ZnO NBs with lateral dimensions (a) 6.50 Å, (b) 16.25 Å, (c) 19.50 Å, (d)
22.75 Å, (e) 29.25 Å, and (f) 32.50 Å.
Figure 10 shows the fractional coordinate 𝑢 as a function of the strain ɛ3 calculated along
the z-axis for six NBs with lateral dimensions.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 10. The fractional coordinate u as a function of the strain ɛ3 calculated
along the z-axis for ZnO NBs with lateral dimensions (a) 6.50 Å, (b) 16.25 Å, (c)
19.50 Å, (d) 22.75 Å, (e) 29.25 Å, and (f) 32.50 Å.

The piezoelectric coefficients from our work and those from Momeni et al. are plotted in
Figure 11 for ZnO NBs with six lateral dimensions [11]. The plot also shows the calculated
piezoelectric coefficient of bulk ZnO along the [0001] crystallographic direction: 1.27 C/m2 [6],
which is reasonably close to the experimental value from literature (1–1.55 C/m2) [11]. From the
figure, it is clear that the piezoelectric constant values for our ZnO NBs decreases with
increasing size, from 2.7128 C/m2 for the 6.50 Å NB to 1.9097 C/m2 for the 32.50 Å NB. Our
result for the 6.50 Å ZnO NB is about 53%. larger than the values predicted for bulk ZnO. These
results are in excellent agreement with the piezoelectric coefficient values for the ZnO NBs from
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Momeni et al. work [11], which also decreases with increasing size, from 2.322 C/m2 for the
8.13 Å NB to 1.639 C/m2 for the 37.37 Å NB as can be seen in Figure 11.

Figure 11. Piezoelectric coefficient of ZnO as a function of the NB lateral
dimension. The dashed line shows the piezoelectric coefficient of bulk ZnO
calculated using a classical MD approach and rigid ion approximation [11].

(a)

(b)

Figure 12. 6x6x6 ZnO Nanobelts structure for (a) core-only and (b) core-shell.

29

5.2 Zinc Sulfide Nanobelts
After validating our LAMMPS MD simulation code by calculate the piezoelectric
coefficient for the six ZnO NBs, we run MD simulations to calculate the piezoelectric coefficient
for six ZnS NB structures. The ZnS NBs were created with wurtzite crystalline structures with
the experimental lattice parameters listed in Table 1. During our MD simulations, the NB
structures maintained better structural stability when using the PT2 potential than when utilizing
the PT3 potential, possibly due to the inclusion of the four-body bonded term in Equation (3).
Therefore, in our NB simulations we only utilized the PT2 potential. Wang et al. found that the
structural stability field for wurtzite ZnS nanobelts was below the critical thickness of 74 Å [25].
In our simulations, all wurtzite ZnS NBs, sizes were less than 43 Å, which indicates that the
created structures are within the stable field. The six ZnS NB structure sizes that were
investigated in this work and their corresponding number of atoms, are listed in Table 10.

Table 9. ZnS Nanobelts dimensions along different directions, number of atoms, and
calculated piezoelectric coefficient using PT2 potential [22].
Index
NB 1
NB 2
NB 3
NB 4
NB 5
NB 6

x1 (a)

Dimensions (Å)
x2 (b)

x3 (c)

22.94
26.76
30.59
38.23
34.41
42.06

24.28
30.90
37.53
37.53
44.15
57.39

91.75
91.75
91.75
91.75
91.75
91.75

No. of atoms

ẽ𝟑𝟑 = 𝒆𝟑𝟑
(C m-2)

3068
4425
6018
7434
7847
12213

0.6038
0.4834
0.4355
0.3599
0.3545
0.2732

As with ZnO NBs, after equilibration the bottom boundary atoms were fixed and the
upper ones were displaced 0.091 Å in tension. Figure 13. shows the polarization as a function of
strain for the six ZnS NBs with the plot lines correspond to least squares fits to each data set. The
slope of each line gives the corresponding piezoelectric coefficient for that particular ZnS NBs.
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The average polarization vector was calculated considering the volume of the NB as the sum of
the volumes of individual atoms.
In Figure 14. the piezoelectric coefficients are plotted as a function of NB size. From the
figure it is clear that as with ZnO NBs the piezoelectric constant values for ZnS NBs also
decreases with increasing size, from 0.6038 C/m2 for the 22.94 Å NB to 0.2732 C/m2 for the
42.06 Å NB. Our results of 22.94 Å ZnS NB is almost 58%. larger than the 0.256 C/m2 value
calculated for bulk ZnS plotted as dashed line in Figure 14.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 13. The average polarization vectors (∂PV) vs. strain calculated along the
z-axis for ZnS NBs with lateral dimensions (a) 22.94 Å, (b) 26.76 Å, (c) 30.59 Å,
(d) 38.23 Å, (e) 34.41 Å, and (f) 42.06 Å.
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Figure 14. Piezoelectric coefficient of ZnS as a function of the NB lateral
dimension. The dashed line shows the piezoelectric coefficient of bulk ZnS
calculated using a classical MD approach and rigid ion approximation.
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CHAPTER 6
CONCLUSION
In this thesis we performed molecular dynamics simulations using the open source
LAMMPS software to calculate the piezoelectric constants for bulk zinc sulfides and nanobelts
structures utilizing three core-shell interatomic ZnS potentials. The reliability of the three
potentials was first tested by calculating the bulk modulus for the bulk ZnS using core-only and
core-shell MD simulations. The bulk modulus calculated values using PT2 and PT3 potentials
were in excellent agreement (70.91-74.08 GPa) with the experimental value of 74.0 GPa, and the
largest deviation resulted from using the PT1 potential. The results from MD simulations for the
bulk ZnS core-only also showed that the polarization 𝑃3 (-1.8956, -1.9214 C/m2), the
spontaneous polarization 𝑃𝑒𝑞 (0.0024, -0.0234 C/m2), and the proper and improper e33
piezoelectric constants (0.256, 0.264 C/m2) are obtained using the PT2 and PT3 potentials with
the Ewald summation method are in excellent agreement with the available DFT and
experimental data, and the largest deviation from experimental value was also obtained using the
PT1 potential. Our calculated values for the 𝑃3 , 𝑃𝑒𝑞 from the core-shell simulations were also
excellent agreement with available DFT and experiment data, however the 𝑒33 piezoelectric
constant values were underestimated in comparison with our e33 core-only values and the DFT
and experimental data. The underestimation of the 𝑒33 core-shell values can be attributed to the
spring constant 𝐾 values for the harmonically coupled core-shell not being fitted to the
piezoelectric constant data for bulk ZnS. For the ZnS NBs MD simulations, utilizing the PT2
potential resulted in better structural stability than that using the PT1 and PT3 potentials, which
might be due to the inclusion of the four-body bonded term (torsional) potential. The ZnS NBs
core-only MD simulation results utilizing the PT2 potential showed that piezoelectric constant
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values decrease with increasing lateral size (0.6038-0.2732 C/m2 for 22.94-57.39 Å). The result
for 22.94 Å ZnS NB is almost 58%. larger than the 0.256 C/m2 value calculated for bulk ZnS.
These results are consistent with those obtained for ZnO NBs. In conclusion, utilizing the PT2
potential developed by Wright and Gale (2004), in core-only MD simulation was the most
reliable potential in predicting the lattice constants, minimum energy polarization 𝑃3 ,
spontaneous polarization 𝑃𝑒𝑞 , and the piezoelectric constant 𝑒33 for both bulk and nanobelts ZnS
structure.
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APPENDIX B:
CODE USED TO CALCULATE DATA IN THIS THESIS
SCREENED HARMONIC ANGLE POTENTIAL DERIVATION

Figure 15. The screened harmonic angle and associated vectors.
In Figure 15. the screened harmonic angle potentials describe the bond bending terms
between the specified atoms [51]. In DL POLY Classic the most general form for the screened
harmonic angle potentials can be written as:
𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 )

(1)

where 𝐴(𝜃𝑗𝑖𝑘 ) is a purely angular function and 𝑆(𝑟)is a screening or truncation function. All the
function arguments are scalars.
𝐴(𝜃𝑗𝑖𝑘 ) = 𝑘(𝜃𝑗𝑖𝑘 − 𝜃0 )

2

(2)

𝑟

𝑆(𝑟𝑖𝑗 ) = 𝑒𝑥𝑝 (− 𝜌𝑖𝑗)

(3)

1

𝑟

𝑆(𝑟𝑖𝑘 ) = 𝑒𝑥𝑝 (− 𝜌𝑖𝑘)

(4)

2
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𝜕𝐴(𝜃𝑗𝑖𝑘 )
𝜕𝜃𝑗𝑖𝑘
𝜕𝑆(𝑟𝑖𝑗 )

= 2𝑘(𝜃𝑗𝑖𝑘 − 𝜃0 )
𝑟

1

= − 𝜌 𝑒𝑥𝑝 (− 𝜌𝑖𝑗)

𝜕𝑟𝑖𝑗

1

𝜕𝑆(𝑟𝑖𝑘 )

1

𝑟

2

𝜕

= − 𝜕 𝐴(𝜃𝑗𝑖𝑘 )

𝜕 𝑟𝛼

𝜕 𝑟𝛼
ℓ

(8)

𝑟𝛼
ℓ

ℓ

𝜕𝐴(𝜃𝑗𝑖𝑘 )

(7)

2

𝜕𝑈(𝜃𝑗𝑖𝑘 ∙𝑟𝑖𝑗 ∙𝑟𝑖𝑘 )

−

(6)

1

= − 𝜌 𝑒𝑥𝑝 (− 𝜌𝑖𝑘)

𝜕𝑟𝑖𝑘

−

(5)

1

= {sin(𝜃

𝜕

𝑗𝑖𝑘

}
) 𝜕𝜃

𝑗𝑖𝑘

𝐴(𝜃𝑗𝑖𝑘 )

𝑟𝑖𝑗 ∙𝑟𝑖𝑘

𝜕
𝜕 𝑟𝛼
ℓ

{𝑟

𝑖𝑗 𝑟𝑖𝑘

}

With atomic label ℓ being one of i, j, k and α indicating the x, y, z component. The derivative is
𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) =
𝑟𝛼
ℓ

𝑟𝛼 𝜕

𝜕

−𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 )(𝛿ℓ𝑗 − 𝛿ℓ𝑖 ) 𝑟𝑖𝑗 𝜕
𝑟𝛼
ℓ

𝑟𝛼

𝛿ℓ𝑖 ) 𝑟𝑖𝑘 𝜕
𝑖𝑘

𝜕
𝜕 𝑟𝑥
ℓ

𝜕
𝑟𝑖𝑘

𝑖𝑗

𝑟𝑖𝑗

𝑆(𝑟𝑖𝑗 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )(𝛿ℓ𝑘 −

𝑆(𝑟𝑖𝑘 )

(9)

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} = (𝛿ℓ𝑗 − 𝛿ℓ𝑖 ) 𝑟
𝑖𝑗 𝑖𝑘

(𝛿ℓ𝑘 − 𝛿ℓ𝑖 )

𝛼
𝑟𝑖𝑘
2
𝑟𝑖𝑘

𝛼
𝑟𝑖𝑘
𝑖𝑗 𝑟𝑖𝑘

+ (𝛿ℓ𝑘 − 𝛿ℓ𝑖 )

𝛼
𝑟𝑖𝑗

𝑟𝛼

𝑟𝑖𝑗 𝑟𝑖𝑘

− cos(𝜃𝑗𝑖𝑘 ) {(𝛿ℓ𝑗 − 𝛿ℓ𝑖 ) 𝑟𝑖𝑗2 +
𝑖𝑗

}

(10)

With ℓ = i, and α = x; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕
𝜕 𝑟𝑥
𝑖

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} = (𝛿𝑖𝑗 − 𝛿𝑖𝑖 ) 𝑟
𝑖𝑗 𝑖𝑘

(𝛿𝑖𝑘 − 𝛿𝑖𝑖 )
(0 − 1)
𝜕
𝜕 𝑟𝑥
𝑖

𝑥
𝑟𝑖𝑘
2
𝑟𝑖𝑘

𝑟 ∙𝑟

𝑥
𝑟𝑖𝑘

𝑖𝑗 𝑟𝑖𝑘

𝑟 ∙𝑟

𝜕

+ (𝛿𝑖𝑘 − 𝛿𝑖𝑖 )

}
{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} = (0 − 1) 𝑟
𝑟2 𝜕
𝑖𝑘

𝑟𝑥
𝑖

𝑖𝑗 𝑖𝑘

𝑥
𝑟𝑖𝑘
𝑖𝑗 𝑟𝑖𝑘

𝑥
𝑟𝑖𝑗

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑟𝑥

− cos(𝜃𝑗𝑖𝑘 ) {(𝛿𝑖𝑗 − 𝛿𝑖𝑖 ) 𝑟𝑖𝑗2 +
𝑖𝑗

+ (0 − 1)

𝑥
𝑟𝑖𝑗

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑟𝑥

− cos(𝜃𝑗𝑖𝑘 ) {(0 − 1) 𝑟𝑖𝑗2 +
𝑖𝑗

}

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} = − 𝑟
𝑖𝑗 𝑖𝑘

𝑥
𝑟𝑖𝑘

𝑥
𝑟𝑖𝑘
𝑖𝑗 𝑟𝑖𝑘

−

𝑥
𝑟𝑖𝑗

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑟𝑥

𝑥
𝑟𝑖𝑘

𝑖𝑗

2
𝑟𝑖𝑘

− cos(𝜃𝑗𝑖𝑘 ) {− 𝑟𝑖𝑗2 −
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}

(10a)

With ℓ = i, and α = y; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕
𝜕 𝑟𝑥
𝑖

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} = − 𝑟
𝑖𝑗 𝑖𝑘

𝑦

𝑦

𝑟𝑖𝑘
𝑖𝑗 𝑟𝑖𝑘

−

𝑟𝑖𝑗

𝑟

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑦

𝑦

𝑟𝑖𝑘

− cos(𝜃𝑗𝑖𝑘 ) {− 𝑟𝑖𝑗2 −

}

(10b)

}

(10c)

2
𝑟𝑖𝑘

𝑖𝑗

With ℓ = i, and α = z; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕
𝜕 𝑟𝑥
𝑖

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} = − 𝑟
𝑖𝑗 𝑖𝑘

𝑧
𝑟𝑖𝑘
𝑖𝑗 𝑟𝑖𝑘

−

𝑧
𝑟𝑖𝑗

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑟𝑧

𝑧
𝑟𝑖𝑘

𝑖𝑗

2
𝑟𝑖𝑘

− cos(𝜃𝑗𝑖𝑘 ) {− 𝑟𝑖𝑗2 −

With ℓ = j, and α = x; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕
𝜕 𝑟𝑥
𝑗

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} = (𝛿𝑗𝑗 − 𝛿𝑗𝑖 ) 𝑟
𝑖𝑗 𝑖𝑘

𝑥
𝑟𝑖𝑘
𝑖𝑗 𝑟𝑖𝑘

+ (𝛿𝑗𝑘 − 𝛿𝑗𝑖 )

𝑥
𝑟𝑖𝑗

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑟𝑥

− cos(𝜃𝑗𝑖𝑘 ) {(𝛿𝑗𝑗 − 𝛿𝑗𝑖 ) 𝑟𝑖𝑗2 +
𝑖𝑗

𝑟𝑥

(𝛿𝑗𝑘 − 𝛿𝑗𝑖 ) 𝑟𝑖𝑘2 }

(11)

𝑖𝑘

𝜕
𝜕 𝑟𝑥
𝑗

𝜕
𝜕 𝑟𝑥
𝑗

𝑥
𝑟𝑖𝑘

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} = (1 − 0) 𝑟
𝑖𝑗 𝑖𝑘

𝑥
𝑟𝑖𝑘

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} =
𝑖𝑗 𝑖𝑘

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑖𝑗 𝑟𝑖𝑘

+ (0 − 0)

𝑥
𝑟𝑖𝑗

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑟𝑥

𝑟𝑥

𝑖𝑗

𝑖𝑘

− cos(𝜃𝑗𝑖𝑘 ) {(1 − 0) 𝑟𝑖𝑗2 + (0 − 0) 𝑟𝑖𝑘2 }

𝑟𝑥

− cos(𝜃𝑗𝑖𝑘 ) {𝑟𝑖𝑗2 }

(11a)

𝑖𝑗

With ℓ = j, and α = y; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕
𝜕 𝑟𝑥
𝑗

𝑦

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} =
𝑖𝑗 𝑖𝑘

𝑟𝑖𝑘
𝑟𝑖𝑗 𝑟𝑖𝑘

𝑟

𝑦

− cos(𝜃𝑗𝑖𝑘 ) {𝑟𝑖𝑗2 }

(11b)

𝑖𝑗

With ℓ = j, and α = z; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕
𝜕 𝑟𝑥
𝑗

𝑧
𝑟𝑖𝑘

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} =
𝑖𝑗 𝑖𝑘

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑟𝑧

− cos(𝜃𝑗𝑖𝑘 ) {𝑟𝑖𝑗2 }

(11c)

𝑖𝑗

With ℓ = k, and α = x; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕
𝜕 𝑟𝑥

𝑘

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} = (𝛿𝑘𝑗 − 𝛿𝑘𝑖 ) 𝑟
𝑖𝑗 𝑖𝑘

(𝛿𝑘𝑘 − 𝛿𝑘𝑖 )
𝜕
𝜕 𝑟𝑥

𝑘

𝑟𝑖𝑗 ∙𝑟𝑖𝑘

{𝑟

𝑖𝑗 𝑟𝑖𝑘

𝑥
𝑟𝑖𝑘
2
𝑟𝑖𝑘

𝑥
𝑟𝑖𝑘
𝑖𝑗 𝑟𝑖𝑘

+ (𝛿𝑘𝑘 − 𝛿𝑘𝑖 )

𝑥
𝑟𝑖𝑗

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑟𝑥

− cos(𝜃𝑗𝑖𝑘 ) {(𝛿𝑘𝑗 − 𝛿𝑘𝑖 ) 𝑟𝑖𝑗2 +
𝑖𝑗

}

} = (0 − 0) 𝑟

(12)
𝑥
𝑟𝑖𝑘
𝑖𝑗 𝑟𝑖𝑘

+ (1 − 0)

𝑥
𝑟𝑖𝑗

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑥
𝑟𝑖𝑗

𝑟𝑥

𝑖𝑗

𝑖𝑘

− cos(𝜃𝑗𝑖𝑘 ) {(0 − 0) 𝑟 2 + (1 − 0) 𝑟𝑖𝑘2 }
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𝜕
𝜕 𝑟𝑥

𝑘

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} =
𝑖𝑗 𝑖𝑘

𝑥
𝑟𝑖𝑗

𝑟𝑥

𝑟𝑖𝑗 𝑟𝑖𝑘

− cos(𝜃𝑗𝑖𝑘 ) {𝑟𝑖𝑘2 }

(12a)

𝑖𝑘

With ℓ = k, and α = y; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕
𝜕 𝑟𝑥

𝑘

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} =
𝑖𝑗 𝑖𝑘

𝑦

𝑟𝑖𝑗

𝑟

𝑟𝑖𝑗 𝑟𝑖𝑘

𝑦

− cos(𝜃𝑗𝑖𝑘 ) {𝑟𝑖𝑘2 }

(12b)

𝑖𝑘

With ℓ = k, and α = z; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕
𝜕 𝑟𝑥

𝑘

𝑟 ∙𝑟

{ 𝑟𝑖𝑗 𝑟 𝑖𝑘} =
𝑖𝑗 𝑖𝑘

𝑧
𝑟𝑖𝑗

𝑟𝑧

𝑟𝑖𝑗 𝑟𝑖𝑘

− cos(𝜃𝑗𝑖𝑘 ) {𝑟𝑖𝑘2 }

(12c)

𝑖𝑘

𝜕

𝜕

𝑟𝛼
ℓ

𝑟𝛼
ℓ

𝑟𝛼 𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 )(𝛿ℓ𝑗 − 𝛿ℓ𝑖 ) 𝑟𝑖𝑗 𝜕
𝑟𝛼

𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )(𝛿ℓ𝑘 − 𝛿ℓ𝑖 ) 𝑟𝑖𝑘 𝜕
𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑖𝑗

𝑟𝑖𝑗

𝑆(𝑟𝑖𝑗 ) −

𝑆(𝑟𝑖𝑘 )

(13)

With ℓ = i, and α = x; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕

𝜕

𝑟𝑥
𝑖

𝑟𝑥
𝑖

𝑟𝑥 𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 )(𝛿𝑖𝑗 − 𝛿𝑖𝑖 ) 𝑟𝑖𝑗 𝜕
𝑟𝑥

𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )(𝛿𝑖𝑘 − 𝛿𝑖𝑖 ) 𝑟𝑖𝑘 𝜕
𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑖𝑗

(14)

𝜕

𝜕

𝑟𝑥
𝑖

𝑟𝑥
𝑖

𝑟𝑥

𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑟𝑥 𝜕
𝑖𝑗

𝜕

𝜕

𝑟𝑥
𝑖

𝑟𝑥
𝑖

𝑟𝑥

𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑟𝑖𝑗

𝑆(𝑟𝑖𝑗 ) −

𝑆(𝑟𝑖𝑘 )
𝑟𝑥 𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) + 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 ) 𝑟𝑖𝑗 𝜕
𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 ) 𝑟𝑖𝑘 𝜕

𝑆(𝑟𝑖𝑗 ) −

𝑆(𝑟𝑖𝑘 )

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 )(0 − 1) 𝑟𝑖𝑗 𝜕
𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )(0 − 1) 𝑟𝑖𝑘 𝜕

𝑟𝑖𝑗

𝑖𝑗

𝑆(𝑟𝑖𝑘 )

𝑟𝑖𝑗

𝑆(𝑟𝑖𝑗 ) +

(14a)

With ℓ = i, and α = y; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
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𝜕

𝜕

𝑦
𝑟
𝑖

𝑦
𝑟
𝑖

𝑟

𝑦

𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) + 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 ) 𝑟𝑖𝑗 𝜕
𝑟

𝑦

𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 ) 𝑟𝑖𝑘 𝜕
𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑖𝑗

𝑟𝑖𝑗

𝑆(𝑟𝑖𝑗 ) +

𝑆(𝑟𝑖𝑘 )

(14b)

With ℓ = i, and α = z; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝑟𝑧

𝜕

𝜕

𝑟𝑧
𝑖

𝑦
𝑟
𝑖

𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) + 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 ) 𝑟𝑖𝑗 𝜕
𝑟𝑧

𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 ) 𝑟𝑖𝑘 𝜕
𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑖𝑗

𝑟𝑖𝑗

𝑆(𝑟𝑖𝑗 ) +

𝑆(𝑟𝑖𝑘 )

(14c)

With ℓ = j, and α = x; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝑟𝑥 𝜕

𝜕

𝜕

𝑟𝑥
𝑗

𝑟𝑥
𝑗

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 )(𝛿𝑗𝑗 − 𝛿𝑗𝑖 ) 𝑟𝑖𝑗 𝜕
𝑟𝑥

𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )(𝛿𝑗𝑘 − 𝛿𝑗𝑖 ) 𝑟𝑖𝑘 𝜕
𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑖𝑗

(15)
𝑟𝑥 𝜕

𝜕

𝜕

𝑟𝑥
𝑗

𝑟𝑥
𝑗

𝑟𝑥

𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑆(𝑟𝑖𝑗 ) −

𝑆(𝑟𝑖𝑘 )

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 )(1 − 0) 𝑟𝑖𝑗 𝜕
𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )(0 − 0) 𝑟𝑖𝑘 𝜕

𝑟𝑖𝑗

𝑖𝑗

𝑟𝑖𝑗

𝑆(𝑟𝑖𝑗 ) −

𝑆(𝑟𝑖𝑘 )
𝑟𝑥 𝜕

𝜕

𝜕

𝑟𝑥
𝑗

𝑟𝑥
𝑗

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 ) 𝑟𝑖𝑗 𝜕
𝑖𝑗

𝑟𝑖𝑗

𝑆(𝑟𝑖𝑗 )

(15a)

𝑆(𝑟𝑖𝑗 )

(15b)

𝑆(𝑟𝑖𝑗 )

(15c)

With ℓ = j, and α = y; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕

𝑟

𝜕

𝑦

𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 ) 𝑟𝑖𝑗 𝜕
𝑟

𝑦
𝑗

𝑟

𝑦
𝑗

𝑖𝑗

𝑟𝑖𝑗

With ℓ = j, and α = z; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕

𝜕

𝑟𝑧
𝑗

𝑟𝑧
𝑗

𝑟𝑧

𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 ) 𝑟𝑖𝑗 𝜕
𝑖𝑗

With ℓ = k, and α = x; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
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𝑟𝑖𝑗

𝜕

𝜕

𝑟𝑥
𝑘

𝑟𝑥
𝑘

𝑟𝑥 𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 )(𝛿𝑘𝑗 − 𝛿𝑘𝑖 ) 𝑟𝑖𝑗 𝜕
𝑟𝑥

𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )(𝛿𝑘𝑘 − 𝛿𝑘𝑖 ) 𝑟𝑖𝑘 𝜕
𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑖𝑗

𝑆(𝑟𝑖𝑘 )

𝜕

𝜕

𝑟𝑥
𝑘

𝑟𝑥
𝑘

𝑟𝑥

𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑆(𝑟𝑖𝑗 ) −

(16)
𝑟𝑥 𝜕

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑘 )(0 − 0) 𝑟𝑖𝑗 𝜕
𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 )(1 − 0) 𝑟𝑖𝑘 𝜕

𝑟𝑖𝑗

𝑖𝑗

𝑟𝑖𝑗

𝑆(𝑟𝑖𝑗 ) −

𝑆(𝑟𝑖𝑘 )

𝜕

𝜕

𝑟𝑥
𝑘

𝑟𝑥
𝑘

𝑟𝑥

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 ) 𝑟𝑖𝑘 𝜕
𝑖𝑘

𝜕
𝑟𝑖𝑘

𝑆(𝑟𝑖𝑘 )

(16a)

𝑆(𝑟𝑖𝑘 )

(16b)

𝑆(𝑟𝑖𝑘 )

(16c)

With ℓ = k, and α = y; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕

𝑟

𝜕

𝑦

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 ) 𝑟𝑖𝑘 𝜕
𝑟

𝑦
𝑘

𝑟

𝑦
𝑘

𝑖𝑘

𝜕
𝑟𝑖𝑘

With ℓ = k, and α = y; 𝛿𝑎𝑏 = 1 if a = b; 𝛿𝑎𝑏 = 0 if a ≠ b
𝜕

𝜕

𝑟𝑧
𝑘

𝑟𝑧
𝑘

𝑟𝑧

− 𝜕 𝑈(𝜃𝑗𝑖𝑘 ∙ 𝑟𝑖𝑗 ∙ 𝑟𝑖𝑘 ) = −𝑆(𝑟𝑖𝑗 )𝑆(𝑟𝑖𝑘 ) 𝜕 𝐴(𝜃𝑗𝑖𝑘 ) − 𝐴(𝜃𝑗𝑖𝑘 )𝑆(𝑟𝑖𝑗 ) 𝑟𝑖𝑘 𝜕
𝑖𝑘
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𝜕
𝑟𝑖𝑘

LAMMPS C++ CODE
LAMMPS - Large-scale Atomic/Molecular Massively Parallel Simulator
http://lammps.sandia.gov, Sandia National Laboratories
Steve Plimpton, sjplimp@sandia.gov
Copyright (2003) Sandia Corporation. Under the terms of Contract
DE-AC04-94AL85000 with Sandia Corporation, the U.S. Government retains
certain rights in this software. This software is distributed under
the GNU General Public License.
See the README file in the top-level LAMMPS directory.
------------------------------------------------------------------------- */
#include <cmath>
#include <cstdlib>
#include "angle_harmonic_decay.h"
#include "atom.h"
#include "neighbor.h"
#include "domain.h"
#include "comm.h"
#include "force.h"
#include "math_const.h"
#include "memory.h"
#include "error.h"
using namespace LAMMPS_NS;
using namespace MathConst;
#define SMALL 0.001
/* ---------------------------------------------------------------------- */
AngleHarmonicDecay::AngleHarmonicDecay(LAMMPS *lmp) : Angle(lmp)
{
k = NULL;
theta0 = NULL;
rho1 = NULL;
rho2 = NULL;
}
/* ---------------------------------------------------------------------- */
AngleHarmonicDecay::~AngleHarmonicDecay()
{
if (allocated && !copymode) {
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memory->destroy(setflag);
memory->destroy(k);
memory->destroy(theta0);
memory->destroy(rho1);
memory->destroy(rho2);
}
}
/* ---------------------------------------------------------------------- */
void AngleHarmonicDecay::compute(int eflag, int vflag)
{
int i1,i2,i3,n,type;
double delx1,dely1,delz1,delx2,dely2,delz2;
double eangle,f1[3],f3[3];
double dtheta,tk;
double rsq1,rsq2,r1,r2,c,s,a,a11,a12,a22,s1,s11,s22;
eangle = 0.0;
if (eflag || vflag) ev_setup(eflag,vflag);
else evflag = 0;
double **x = atom->x;
double **f = atom->f;
int **anglelist = neighbor->anglelist;
int nanglelist = neighbor->nanglelist;
int nlocal = atom->nlocal;
int newton_bond = force->newton_bond;
for (n = 0; n < nanglelist; n++) {
i1 = anglelist[n][0];
i2 = anglelist[n][1];
i3 = anglelist[n][2];
type = anglelist[n][3];
// 1st bond
delx1 = x[i1][0] - x[i2][0];
dely1 = x[i1][1] - x[i2][1];
delz1 = x[i1][2] - x[i2][2];
rsq1 = delx1*delx1 + dely1*dely1 + delz1*delz1;
r1 = sqrt(rsq1);
// 2nd bond
delx2 = x[i3][0] - x[i2][0];
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dely2 = x[i3][1] - x[i2][1];
delz2 = x[i3][2] - x[i2][2];
rsq2 = delx2*delx2 + dely2*dely2 + delz2*delz2;
r2 = sqrt(rsq2);
// angle (cos and sin)
c = delx1*delx2 + dely1*dely2 + delz1*delz2;
c /= r1*r2;
if (c > 1.0) c = 1.0;
if (c < -1.0) c = -1.0;
s = sqrt(1.0 - c*c);
if (s < SMALL) s = SMALL;
s = 1.0/s;
// force & energy
dtheta = acos(c) - theta0[type];
tk = k[type] * dtheta;
if (eflag) eangle = tk*dtheta*exp(-r1/rho1[type])*exp(-r2/rho2[type]);
a = -2.0 * tk * exp(-r1/rho1[type])*exp(-r2/rho2[type]) * s;
a11 = a*c / rsq1;
a12 = -a / (r1*r2);
a22 = a*c / rsq2;
s1 = -tk*dtheta*exp(-r1/rho1[type])*exp(-r2/rho2[type]);
s11 = -s1/(rho1[type]*r1);
s22 = -s1/(rho2[type]*r2);
f1[0] = a11*delx1 + a12*delx2 + s11*delx1;
f1[1] = a11*dely1 + a12*dely2 + s11*dely1;
f1[2] = a11*delz1 + a12*delz2 + s11*delz1;
f3[0] = a22*delx2 + a12*delx1 + s22*delx2;
f3[1] = a22*dely2 + a12*dely1 + s22*dely2;
f3[2] = a22*delz2 + a12*delz1 + s22*delz2;
// apply force to each of 3 atoms
if (newton_bond || i1 < nlocal) {
f[i1][0] += f1[0];
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f[i1][1] += f1[1];
f[i1][2] += f1[2];
}
if (newton_bond || i2 < nlocal) {
f[i2][0] -= f1[0] + f3[0];
f[i2][1] -= f1[1] + f3[1];
f[i2][2] -= f1[2] + f3[2];
}
if (newton_bond || i3 < nlocal) {
f[i3][0] += f3[0];
f[i3][1] += f3[1];
f[i3][2] += f3[2];
}
if (evflag) ev_tally(i1,i2,i3,nlocal,newton_bond,eangle,f1,f3,
delx1,dely1,delz1,delx2,dely2,delz2);
}
}
/* ---------------------------------------------------------------------- */
void AngleHarmonicDecay::allocate()
{
allocated = 1;
int n = atom->nangletypes;
memory->create(k,n+1,"angle:k");
memory->create(theta0,n+1,"angle:theta0");
memory->create(rho1,n+1,"angle:rho1");
memory->create(rho2,n+1,"angle:rho2");
memory->create(setflag,n+1,"angle:setflag");
for (int i = 1; i <= n; i++) setflag[i] = 0;
}
/* ---------------------------------------------------------------------set coeffs for one or more types
------------------------------------------------------------------------- */
void AngleHarmonicDecay::coeff(int narg, char **arg)
{
if (narg != 5) error->all(FLERR,"Incorrect args for angle coefficients");
if (!allocated) allocate();
int ilo,ihi;
force->bounds(FLERR,arg[0],atom->nangletypes,ilo,ihi);
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double k_one = force->numeric(FLERR,arg[1]);
double theta0_one = force->numeric(FLERR,arg[2]);
double rho1_one = force->numeric(FLERR,arg[3]);
double rho2_one = force->numeric(FLERR,arg[4]);
// convert theta0 from degrees to radians
int count = 0;
for (int i = ilo; i <= ihi; i++) {
k[i] = k_one;
theta0[i] = theta0_one/180.0 * MY_PI;
rho1[i]= rho1_one;
rho2[i]= rho2_one;
setflag[i] = 1;
count++;
}
if (count == 0) error->all(FLERR,"Incorrect args for angle coefficients");
}
/* ---------------------------------------------------------------------- */
double AngleHarmonicDecay::equilibrium_angle(int i)
{
return theta0[i];
}
/* ---------------------------------------------------------------------proc 0 writes out coeffs to restart file
------------------------------------------------------------------------- */
void AngleHarmonicDecay::write_restart(FILE *fp)
{
fwrite(&k[1],sizeof(double),atom->nangletypes,fp);
fwrite(&theta0[1],sizeof(double),atom->nangletypes,fp);
fwrite(&rho1[1],sizeof(double),atom->nangletypes,fp);
fwrite(&rho2[1],sizeof(double),atom->nangletypes,fp);
}
/* ---------------------------------------------------------------------proc 0 reads coeffs from restart file, bcasts them
------------------------------------------------------------------------- */
void AngleHarmonicDecay::read_restart(FILE *fp)
{
allocate();
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if (comm->me == 0) {
fread(&k[1],sizeof(double),atom->nangletypes,fp);
fread(&theta0[1],sizeof(double),atom->nangletypes,fp);
fread(&rho1[1],sizeof(double),atom->nangletypes,fp);
fread(&rho2[1],sizeof(double),atom->nangletypes,fp);
}
MPI_Bcast(&k[1],atom->nangletypes,MPI_DOUBLE,0,world);
MPI_Bcast(&theta0[1],atom->nangletypes,MPI_DOUBLE,0,world);
MPI_Bcast(&rho1[1],atom->nangletypes,MPI_DOUBLE,0,world);
MPI_Bcast(&rho2[1],atom->nangletypes,MPI_DOUBLE,0,world);
for (int i = 1; i <= atom->nangletypes; i++) setflag[i] = 1;
}
/* ---------------------------------------------------------------------proc 0 writes to data file
------------------------------------------------------------------------- */
void AngleHarmonicDecay::write_data(FILE *fp)
{
for (int i = 1; i <= atom->nangletypes; i++)
fprintf(fp,"%d %g %g %g %g\n",i,k[i],theta0[i]/MY_PI*180.0,rho1[i],rho2[i]);
}
/* ---------------------------------------------------------------------- */
double AngleHarmonicDecay::single(int type, int i1, int i2, int i3)
{
double **x = atom->x;
double delx1 = x[i1][0] - x[i2][0];
double dely1 = x[i1][1] - x[i2][1];
double delz1 = x[i1][2] - x[i2][2];
domain->minimum_image(delx1,dely1,delz1);
double r1 = sqrt(delx1*delx1 + dely1*dely1 + delz1*delz1);
double delx2 = x[i3][0] - x[i2][0];
double dely2 = x[i3][1] - x[i2][1];
double delz2 = x[i3][2] - x[i2][2];
domain->minimum_image(delx2,dely2,delz2);
double r2 = sqrt(delx2*delx2 + dely2*dely2 + delz2*delz2);
double c = delx1*delx2 + dely1*dely2 + delz1*delz2;
c /= r1*r2;
if (c > 1.0) c = 1.0;
if (c < -1.0) c = -1.0;
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double dtheta = acos(c) - theta0[type];
double tk = k[type] * dtheta * exp(-r1/rho1[type])*exp(-r2/rho2[type]);
return tk*dtheta;
}

MATLAB CODE FOR CORE-ONLY DATA FILE

%**********************************************************
% Reading atom coordinates and boundary
%**********************************************************
function Core_only_data_file
clc
r = dlmread('ZnS_3x3x3_sorted.xyz',' ',2,0);
N = 6;
a
= 3.8227 * N;
b
= 6.62111 * N;
c
= 6.2607 * N;
Write_lAMMPS_CoreShell(r)
end
%**********************************************************
% Setting conditions for bonds generation
%**********************************************************
function [bond, nbonds] = find_bonds(atom,a,b,c,PERIODIC)
n = length(atom(:,1));
nbonds = 0;
for i = 1:n
atomA(i,:) = atom(i,:);
for j = 1:n
atomB(j,:) = atom(j,:);
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if atomA(i,1) ~= atomB(j,1) && atomA(i,1) == 2
&& atomB(j,1) == 1
xl = abs(atomA(i,2) - atomB(j,2));
yl = abs(atomA(i,3) - atomB(j,3));
zl = abs(atomA(i,4) - atomB(j,4));
if(PERIODIC)
if (xl > a / 2.0)
xl = a - xl;
end
if (yl
yl
end
if (zl
zl
end

> b / 2.0)
= b - yl;
> c / 2.0)
= c - zl;

end
d = sqrt(xl * xl + yl * yl + zl * zl);
if (d <= 2.37 + 0.1 && d >= 1.25)
nbonds = nbonds+1;
bond(nbonds,:) = [nbonds 1 i
end

j];

end
end
end
end
%**********************************************************
% Setting conditions for angles generation
%**********************************************************
function [angle,nangle] = find_angles(bond)
n = length(bond(:,1));
nangle = 1;
angle(nangle,:) = [0 0 0];
for i = 1:n
for j = 1:n
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if

bond(i,1) ~= bond(j,1) && bond(i,4) ==

bond(j,4)
temp(1,:)

= [bond(i,3) bond(j,4)

bond(j,3)];
temp2(1,:) = [bond(j,3) bond(j,4)
bond(i,3)];
if ismember(temp2,angle,'rows') == false
angle(nangle,:) = [temp];
nangle = nangle+1;
end
end
end
end
nangle = nangle - 1;
end
%**********************************************************
% Output to LAMMPS data file
%**********************************************************
function Write_lAMMPS_CoreShell(p)
n = length(p(:,1));
N = 6;
a
b
c
xlo
xhi
ylo
yhi
zlo
zhi

= 3.8227 * N;
= 6.62111 * N;
= 6.2607 * N;
= -a/2;
= a/2;
= -b/2;
= b/2;
= -c/2;
= c/2;

[bond, nbonds] = find_bonds(p,a,b,c,1);
[angle,nangle] = find_angles(bond)
charge = [2.0

0.0; -2.0 0];

fId = fopen('ZnS_3x3x3_CoreCore.data','w');
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fprintf(fId,'LAMMPS data file for ZnO ...\n\n')
fprintf(fId,'%d atoms\n',n)
fprintf(fId,'%d bonds\n',0)
fprintf(fId,'%d angles\n',nangle)
fprintf(fId,'%d dihedrals\n',0)
fprintf(fId,'%d impropers\n\n\n',0)
fprintf(fId,'%d atom types\n',2)
fprintf(fId,'%d bond types\n',0)
fprintf(fId,'%d angle types\n',1)
fprintf(fId,'%d dihedral types\n',0)
fprintf(fId,'%d improper types\n\n\n',0)
fprintf(fId,'%f\t %f\t xlo xhi\n',xlo,xhi)
fprintf(fId,'%f\t %f\t ylo yhi\n',ylo,yhi)
fprintf(fId,'%f\t %f\t zlo zhi\n\n\n',zlo,zhi)
fprintf(fId,'Masses\n\n');
fprintf(fId,'1 65.38\n')
fprintf(fId,'2 32.059\n')
%**********************************************************
% Setting number of atoms generation
%**********************************************************
fprintf(fId,'Atoms\n\n');
natoms = 1;
for i = 1:n
fprintf(fId,'%d %d %d %f %f %f
%f\n',natoms,i,p(i,1),charge(p(i,1),1),p(i,2),p(i,3),p(i,4)
);
natoms = natoms + 1;
end
%**********************************************************
% Setting number of angles generation
%**********************************************************
fprintf(fId,'\n\nAngles\n\n');
for i = 1:nangle
% Core-Core-Core
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fprintf(fId,'%d %d %d %d
%d\n',i,1,angle(i,1),angle(i,2),angle(i,3));
end
fclose(fId);
end
MATLAB CODE FOR CORE-SHELL DATA FILE

%**********************************************************
% Reading atom coordinates and boundary
%**********************************************************
function Core_shell_data_file
clc
r

= dlmread('ZnS_3x3x3_sorted.xyz',' ',2,0);

N = 6;
a
= 3.8227 * N;
b
= 6.62111 * N;
c
= 6.2607 * N;
Write_lAMMPS_CoreShell(r)
end
%**********************************************************
% Setting conditions for bonds generation
%**********************************************************
function [bond, nbonds] = find_bonds(atom,a,b,c,PERIODIC)
n = length(atom(:,1));
nbonds = 0;
for i = 1:n
atomA(i,:) = atom(i,:);
for j = 1:n
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atomB(j,:) = atom(j,:);
if atomA(i,1) ~= atomB(j,1) && atomA(i,1) == 2
&& atomB(j,1) == 1
xl = abs(atomA(i,2) - atomB(j,2));
yl = abs(atomA(i,3) - atomB(j,3));
zl = abs(atomA(i,4) - atomB(j,4));
if(PERIODIC)
if (xl >
xl =
end
if (yl >
yl =
end
if (zl >
zl =
end
end

a / 2.0)
a - xl;
b / 2.0)
b - yl;
c / 2.0)
c - zl;

d = sqrt(xl * xl + yl * yl + zl * zl);
if (d <= 2.37 + 0.1 && d >= 1.25)
nbonds = nbonds+1;
bond(nbonds,:) = [nbonds 1 i
end

j];

end
end
end
end
%**********************************************************
% Setting conditions for angles generation
%**********************************************************
function [angle,nangle] = find_angles(bond)
n = length(bond(:,1));
nangle = 1;
angle(nangle,:) = [0 0 0];
60

for i = 1:n
for j = 1:n
if bond(i,1) ~= bond(j,1) && bond(i,4) ==
bond(j,4)
temp(1,:) = [bond(i,3) bond(j,4)
bond(j,3)];
temp2(1,:) = [bond(j,3) bond(j,4)
bond(i,3)];
if ismember(temp2,angle,'rows') == false
angle(nangle,:) = [temp];
nangle = nangle+1;
end
end
end
end
nangle = nangle - 1;
end
%**********************************************************
% Output to LAMMPS data file
%**********************************************************
function Write_lAMMPS_CoreShell(p)
n = length(p(:,1));
N = 6;
a
b
c
xlo
xhi
ylo
yhi
zlo
zhi

= 3.8227 * N;
= 6.62111 * N;
= 6.2607 * N;
= -a/2;
= a/2;
= -b/2;
= b/2;
= -c/2;
= c/2;

[bond, nbonds] = find_bonds(p,a,b,c,1);
[angle,nangle] = find_angles(bond)
charge = [2.0, 0.0; 1.087526, -3.087526];
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% Namsani

fId = fopen('ZnS_3x3x3_CoreShell.data','w');
fprintf(fId,'LAMMPS data file for ZnS ...\n\n')
fprintf(fId,'%d atoms\n',n*2)
fprintf(fId,'%d bonds\n',n)
fprintf(fId,'%d angles\n',nangle)
fprintf(fId,'%d dihedrals\n',0)
fprintf(fId,'%d impropers\n\n\n',0)
fprintf(fId,'%d
fprintf(fId,'%d
fprintf(fId,'%d
fprintf(fId,'%d
fprintf(fId,'%d

atom types\n',4)
bond types\n',2)
angle types\n',1)
dihedral types\n',0)
improper types\n\n\n',0)

fprintf(fId,'%f\t %f\t xlo xhi\n',xlo,xhi)
fprintf(fId,'%f\t %f\t ylo yhi\n',ylo,yhi)
fprintf(fId,'%f\t %f\t zlo zhi\n\n\n',zlo,zhi)
fprintf(fId,'Masses\n\n');
fprintf(fId,'1 58.842\n')
fprintf(fId,'2 28.8585\n')
fprintf(fId,'3 6.538\n')
fprintf(fId,'4 3.2065\n\n\n')
fprintf(fId,'Atoms\n\n');
%**********************************************************
% Setting number of atoms generation
%**********************************************************
natoms = 1;
for i = 1:n
fprintf(fId,'%d %d %d %f %f %f
%f\n',natoms,i,p(i,1),charge(p(i,1),1),p(i,2),p(i,3),p(i,4)
);
natoms = natoms + 1;
fprintf(fId,'%d %d %d %f %f %f
%f\n',natoms,i,p(i,1)+2,charge(p(i,1),2),p(i,2),p(i,3),p(i,
4));
natoms = natoms + 1;
end
fprintf(fId,'\n\nBonds\n\n');
natoms = 1;
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for i = 1:n
fprintf(fId,'%d %d %d
%d\n',i,p(i,1),natoms,natoms+1);
natoms = natoms + 2;
end
%**********************************************************
% Setting number of angles generation
%**********************************************************
fprintf(fId,'\n\nAngles\n\n');
for i = 1:nangle
% Core-Core-Core
%
fprintf(fId,'%d %d %d %d
%d\n',i,1,angle(i,1)*2-1,angle(i,2),angle(i,3)*2-1);
% Shell-Core-Shell
fprintf(fId,'%d %d %d %d
%d\n',i,1,angle(i,1)*2,angle(i,2)*2-1,angle(i,3)*2);
% Shell-Shell-Shell
%
fprintf(fId,'%d %d %d %d
%d\n',i,1,angle(i,1)*2,angle(i,2)*2,angle(i,3)*2);
end
%**********************************************************
% The additional section of atom ID and core-shell ID
%**********************************************************
fprintf(fId,'\n\nCS-Info\n\n');
natoms = 1;
for i = 1:n
fprintf(fId,'%d
natoms = natoms
fprintf(fId,'%d
natoms = natoms
end

%d\n',natoms,i)
+ 1;
%d\n',natoms,i)
+ 1;

fclose(fId);
end
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APPENDIX C:
CODE USED TO SIMULATE PIEZOELECTIC CONSTANTS IN THIS THESIS
LAMMPS CODE FOR CORE-CORE SIMULATION
# Units metal = Energy in eV, time in picoseconds, distance in
Angstroms, and charge in multiple of electron charge
units

metal

#Bounday condition
boundary
p p p
# Molecular + Charge
atom_style
full
# T = Temperature in K
variable
T1 equal 500
variable
T2 equal 0.1
variable
variable

N equal 3
N2 equal 10000

# Generate a Wurtzite crystal with data file
read_data
ZnS_3x3x3x2_dihedral_CoreCore.data
pair_style

buck/coul/long/cs 12

# Atomic mass of Zn
mass

1 65.38

# Atomic mass of S
mass

2 32.059

set
set

type 1 charge 2.0
type 2 charge -2.0

dielectric

1.0

# Zn_core – Zn_core
pair_coeff

* * 0.0 1.0 0.0 0.0

# Zn_core - S_core
pair_coeff

1 2 672.288 0.39089 0.0

# S_core - S_core
pair_coeff

2 2 1200.0 0.149 0.0

angle_style

harmonic_decay
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angle_coeff

1 4714170 109.47 0.3 0.3

dihedral_style

charmm

dihedral_coeff

1 0.005 3 0 0.0

special_bonds

coul 0.0 0.0 1.0 angle yes dihedral yes

pair_modify
kspace_style
neighbor

shift yes
ewald/disp 1.0E-06
3.0 bin

variable
variable
variable

xl equal (lx/(2*$N))
yl equal (ly/(2*$N))
zl equal (lz/(2*$N))

neigh_modify

every 1 delay 0 check yes

dump
1 all xyz ${N2}
ZnS_Binks_$Nx$Nx$N_${T2}K_Relaxed.xyz
#dump_modify
1 element Zn O
dump
yu zu

12 all custom ${N2} ZnS_$Nx$Nx$N_${T2}K_Z_U.atom id type xu

dump_modify 12 sort id
compute peratom all pe/atom
###################################### MD EQUILIBRATION
reset_timestep

0

# Time step in ps
timestep 0.001
velocity all create ${T1} 12345 mom yes rot no
fix 1 all npt temp ${T1} ${T1} 1 iso 0 0 1 drag 1
fix 2 all temp/rescale 1 ${T1} ${T1} 0.05 1.0
variable
variable
variable
variable
variable
variable

al equal v_xl
bl equal v_yl
cl equal v_zl
s equal step
Vol equal vol
srate equal -1.0e08

# Set thermo output
thermo 1000
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thermo_style custom step lx ly lz press pxx pyy pzz pe temp v_al v_bl
v_cl vol v_xl v_yl v_zl
# Run for at least 10 picosecond (assuming 1 fs timestep)
# Number of steps (Time = timestep * number of steps)
run

10000

unfix
unfix

1
2

fix 1 all npt temp ${T1} ${T2} 1 iso 0 0 1 drag 1
fix 2 all temp/rescale 1 ${T1} ${T2} 0.05 1.0
run

100000

unfix
unfix

1
2

fix 1 all npt temp ${T2} ${T2} 1 iso 0 0 1 drag 1
fix 2 all temp/rescale 1 ${T2} ${T2} 0.05 1.0
fix def2 all print 200000 "0 0 ${al} ${bl} ${cl} ${Vol}" file
ZnS_$Nx$Nx$N_${T2}K_Z_${srate}_lattice.txt screen no title ""
run

200000

unfix
unfix

1
2

# MS
#min_style
#min_modify
#fix
#minimize
#unfix
undump

cg
line quadratic dmax 0.001
1 all box/relax iso 0.0 vmax 0.001
1.0E-09 1.0E-09 100000 1000000
1
1

# Store final cell length for strain calculations
variable
tmp equal "lz"
variable
L0 equal ${tmp}
print
"Initial Length, L0: ${L0}"
######################################## DEFORMATION
reset_timestep
fix

0

1 all nvt/sllod temp ${T2} ${T2} 1
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# Strain rate in 1/ps
variable srate1 equal "v_srate/1.0e12"
fix

2 all deform 1 z erate ${srate1} units box remap v

# Output strain and stress info to file
# For units metal, pressure is in [bars] = 100 [kPa] = 1/10000 [GPa]
compute
compute
variable

iyad all stress/atom NULL
p all reduce sum c_iyad[1] c_iyad[2] c_iyad[3]
press equal -(c_p[1]+c_p[2]+c_p[3])/(3*vol)

# p2, p3, p4 are in GPa
# strain = dl/lo
variable
variable
variable
variable
variable

strain equal "(lz - v_L0)/v_L0"
p1 equal "v_strain"
p2 equal "-pxx/10000"
p3 equal "-pyy/10000"
p4 equal "-pzz/10000"

fix def1 all print ${N2} "${p1} ${p2} ${p3} ${p4}" file
ZnS_$Nx$Nx$N_${T2}K_Z_${srate}_defl.txt screen no
fix def2 all print ${N2} "${s} ${p1} ${al} ${bl} ${cl} ${Vol}" append
ZnS_$Nx$Nx$N_${T2}K_Z_${srate}_lattice.txt screen no title ""
# Display thermo
thermo
${N2}
thermo_style
custom step v_strain temp v_p2 v_p3 v_p4 ke pe press
v_al v_bl v_cl vol v_s v_press
dump

1 all xyz ${N2} ZnS_${T2}K_Z_SS_${srate}.*.xyz

dump
2 all custom ${N2} ZnS_${T2}K_Z_SS_U_${srate}.*.atom id
type xu yu zu
dump_modify
run

2 sort id

100000

######################################
# SIMULATION DONE
print "All done"
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LAMMPS CODE FOR CORE-SHELL SIMULATION
# -------------------- INITIALIZATION ---------------------------# Units metal = Energy in eV, time in picoseconds, distance in
Angstroms, and charge in multiple of electron charge
units
dimension

metal
3

# Boundary condition
boundary
p p p
atom_style

full

# -------------------- ATOM DEFINITION ---------------------------fix

csinfo all property/atom i_CSID

read_data
CS-Info

ZnS_3x3x3x2_dihedral_Coreshell.data fix csinfo NULL

group cores
group shells

type 1 2
type 3 4

neighbor
comm_modify

2.0 bin
vel yes

variable
variable
variable
variable

N equal 3
T1 equal 500
T2 equal 0.1
N2 equal 10000

# --------------------- FORCE FIELDS -----------------------------kspace_style

ewald 1.0e-6

pair_style

buck/coul/long/cs 12

# Zn_core – Zn_core
pair_coeff

* * 0.0 1.0 0.0 0.0

# Zn_core - S_shell
pair_coeff

1 4 672.288 0.39089 0.0

# S_shell - S_shell
pair_coeff

4 4 1200.0 0.149 0.0

pair_modify

shift yes

angle_style

harmonic_decay

68

# Angle style S_Shell - Zn_Core - S_Shell
angle_coeff
1 4714170 109.47 0.3 0.3
# Four-body term
dihedral_style

charmm

dihedral_coeff

1 0.005 3 0 0.0

special_bonds

coul 0.0 0.0 1.0 angle yes dihedral yes

bond_style
bond_coeff
bond_coeff

harmonic
1 0 0
2 6.6513715 0

# ----------------- Equilibration Run ------------------------------reset_timestep

0

variable
variable
variable

xl equal (lx/(2*$N))
yl equal (ly/(2*$N))
zl equal (lz/(2*$N))

thermo 1000
thermo_style custom step lx ly lz press pxx pyy pzz pe temp v_xl v_yl
v_zl
compute CStemp all temp/cs cores shells
compute thermo_press_lmp all pressure thermo_temp # press for correct
kinetic scalar
thermo_modify temp CStemp press thermo_press_lmp
# Time step in ps
timestep 0.001
# Velocity bias option
velocity all create ${T1} 134 dist gaussian mom yes rot no bias yes
temp CStemp
velocity all scale ${T1} temp CStemp
# Thermosetting using the core/shell decoupling
fix
fix
fix_modify
variable
variable
variable

1 all temp/berendsen ${T1} ${T1} 0.4
2 all nve
1 temp CStemp
al equal v_xl
bl equal v_yl
cl equal v_zl
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variable
variable
variable

s equal step
Vol equal vol
srate equal -1.0e08

dump
1 all xyz ${N2}
ZnS_Binks_$Nx$Nx$N_${T2}K_Relaxed.xyz
dump
12 all custom ${N2} ZnS_$Nx$Nx$N_${T2}K_Z_U.atom id
type xu yu zu
dump_modify
12 sort id
run 10000
unfix 1
unfix 2
fix
3 all npt temp ${T1} ${T2} 0.04 iso 0 0 0.4
fix
11 all temp/rescale 1 ${T1} ${T2} 0.05 1.0
fix_modify
3 temp CStemp press thermo_press_lmp # pressure for
correct kinetic scalar
fix def2 all print 100000 "0 0 ${al} ${bl} ${cl} ${Vol}" file
ZnS_$Nx$Nx$N_${T2}K_Z_${srate}_lattice.txt screen no title ""
run 100000
unfix 3
unfix 11
fix
fix

1 all npt temp ${T2} ${T2} 1 iso 0 0 1 drag 1
2 all temp/rescale 1 ${T2} ${T2} 0.05 1.0

fix def2 all print 100000 "0 0 ${al} ${bl} ${cl} ${Vol}" file
ZnS_$Nx$Nx$N_${T2}K_Z_${srate}_lattice.txt screen no title ""
run

100000

unfix
unfix

1
2

# Store final cell length for strain calculations
variable
tmp equal "lz"
variable
L0 equal ${tmp}
print
"Initial Length, L0: ${L0}"
#min_style
#min_modify
#fix
neigh_modify
thermo_style
thermo

cg
line quadratic dmax 0.001
1 all box/relax iso 0.0 vmax 0.001
every 1 delay 0 check yes
custom step etotal evdwl ecoul v_xl v_yl v_zl
10
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#minimize

1.0E-09 1.0E-09 100000 1000000

write_restart

optimized.data

# Store final cell length for strain calculations
variable
tmp equal "lz"
variable
L0 equal ${tmp}
print "Initial Length, L0: ${L0}"
undump

1

# ------------------------ Dynamic Run ------------------------------reset_timestep 0
fix

3 all nvt/sllod temp ${T2} ${T2} 1 drag 1

variable

srate1 equal "v_srate / 1.0e12"

fix

2 all deform 1 z erate ${srate1} units box remap v

fix_modify

3 temp CStemp # pressure for correct kinetic scalar

# Output strain and stress info to file
# For units metal, pressure is in [bars] = 100 [kPa] = 1/10000 [GPa]
# p2, p3, p4 are in GPa
variable
variable
variable
variable
variable
variable
variable

dl
strain
p1
p2
p3
p4
vol

equal
equal
equal
equal
equal
equal
equal

"((lz-v_L0)/2) + v_L0"
"(lz-v_L0)/v_L0"
"v_strain"
"-pxx/10000"
"-pyy/10000"
"-pzz/10000"
"lx*ly*lz"

fix def1 all print ${N2} "${p1} ${p2} ${p3} ${p4}" file
ZnS_$Nx$Nx$N_${T2}K_Z_${srate}_defl.txt screen no
fix def2 all print ${N2} "${s} ${p1} ${al} ${bl} ${cl} ${Vol}" append
ZnS_$Nx$Nx$N_${T2}K_Z_${srate}_lattice.txt screen no title ""
# Display thermo
thermo
${N2}
thermo_style
custom step v_strain temp press v_xl v_yl v_zl vol
dump
1 all xyz ${N2} ZnS_${T2}K_Z_SS_${srate}.*.xyz
dump
2 all custom ${N2} ZnS_${T2}K_Z_SS_U_${srate}.*.atom id
type xu yu zu
dump_modify

2 sort id
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run 100000

MATLAB CODE FOR CORE-CORE SIMULATION

function Core_core_simulation
clc
format short
rn = load('ZnS_3x3x3_0.1K_Z_-100000000_lattice.txt');
rp = load('ZnS_3x3x3_0.1K_Z_100000000_lattice.txt');
V = 20569.64;
% Charge of electron
e = 1.6021766208 * 10^-19;
q = 2 * e;
dP3du = (4*(-2.06))/(sqrt(3)*(3.281^2))
dudE3 = -2.3;
e33 = -0.44 + dP3du*dudE3
z_dir = 5;
r = dlmread('ZnS_0.1K_Z_SS_U_-100000000.0.atom','
',9,0);
a = rn(1,3)
b = rn(1,4)
c = rn(1,5)
V = rn(1,6)
Pv_0 = Polarization(r,z_dir,V)
Zn_O = Uk(r)
c = c
u_0 = Zn_O/c
Pa_0 = (-4 * q * u_0)/(sqrt(3) * a^2 * 10^-20)
[E_n,P_a_n,U_n] = Polarization_a(rn,'ZnS_0.1K_Z_SS_U_100000000.');
[E_p,P_a_p,U_p] =
Polarization_a(rp,'ZnS_0.1K_Z_SS_U_100000000.');
% Strain
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E_n = E_n(length(E_n):-1:1);
E = [E_n,E_p];
% Polarizations
P_a_n = P_a_n(length(P_a_n):-1:1);
P_a = [P_a_n,P_a_p]
% Coordinate faction
U_n = U_n(length(U_n):-1:1);
U = [U_n,U_p];
% Volume parameters
V_n = rn(:,6);
V_n = V_n(length(V_n):-1:1);
Vc = [V_n;rp(:,6)]';
[E_n,P_v_n] = Polarization_V(rn,'ZnS_0.1K_Z_SS_U_100000000.',z_dir);
[E_p,P_v_p] =
Polarization_V(rp,'ZnS_0.1K_Z_SS_U_100000000.',z_dir);
P_v_n = P_v_n(length(P_v_n):-1:1);
P_v = [P_v_n,P_v_p]
% Experimental Value
e_a_int_Die = -0.182 * -6.94
% Plot for dU/dE
figure(1)
plot(E,U,'sk','LineWidth',3,'MarkerSize',10)
p = polyfit(E,U,2);
f = polyval(p,E);
hold on
plot(E,f,'--k','LineWidth',3,'MarkerSize',10)
xlabel('\epsilon_3','fontweight','bold','fontsize',15)
ylabel('u (eV)','fontweight','bold','fontsize',15)
legend('Wright (2004) potential','linear Fit of
u','fontweight','bold','fontsize',20)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dUdE = p(2)
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% Plot for dP/dU
figure(2)
plot(U,P_v,'--k','LineWidth',3,'MarkerSize',10)
p = polyfit(U,P_v,1);
f = polyval(p,U);
hold on
plot(U,f,'sk','LineWidth',3,'MarkerSize',10)
xlabel('U(eV)','fontweight','bold','fontsize',15')
ylabel('P_v (C/m^2)','fontweight','bold','fontsize',15)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dP_vdU = p(1)
% Using left side of proper piezoelectric constants
e_v_int_l = dP_vdU * dUdE
% Plot for dP/dE
figure(3)
plot(E,P_v,'--b','LineWidth',3,'MarkerSize',10)
p = polyfit(E,P_v,2);
f = polyval(p,E);
hold on
plot(E,f,'sr','LineWidth',3,'MarkerSize',10)
xlabel([char(949)],'fontweight','bold','fontsize',15)
ylabel('P_v (C/m^2)','fontweight','bold','fontsize',15)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dP_vdE = p(2)
% Plot for dP_a/dU
figure(4)
plot(U,P_a,'--b','LineWidth',3,'MarkerSize',10)
p1 = polyfit(U,P_a,1);
f = polyval(p1,U);
hold on
plot(U,f,'sr','LineWidth',3,'MarkerSize',10)
xlabel('U (eV)','fontweight','bold','fontsize',15)
ylabel('P_a (C/m^2)','fontweight','bold','fontsize',15)
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set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dP_adU = p1(1)
% Using right side of proper piezoelectric constants
e_a_int_r = dP_adU * dUdE
% Plot for dP_a/dE
figure(5)
plot(E,P_a,'--b','LineWidth',3,'MarkerSize',10)
p = polyfit(E,P_a,2);
f = polyval(p,E);
hold on
plot(E,f,'sr','LineWidth',3,'MarkerSize',10)
xlabel([char(949)],'fontweight','bold','fontsize',15)
ylabel('P_a (C/m^2)','fontweight','bold','fontsize',15)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dP_adE = p(2)
0
% Calculate 𝑒33
e_a_0 = dP_adE - e_a_int_r

% Plot for dE/dV
figure(6)
plot(E,Vc,'--k','LineWidth',3,'MarkerSize',10)
p = polyfit(E,Vc,2);
f = polyval(p,E);
hold on
plot(E,f,'sk','LineWidth',3,'MarkerSize',10)
xlabel('\epsilon_3','fontweight','bold','fontsize',15)
ylabel('V (A^3)','fontweight','bold','fontsize',15)
legend('linear Fit of V - Wright
2004','fontweight','bold','fontsize',20)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
% Plot for compare dP_a/dE with dP_v/dE
figure(7)
plot(E,P_a,'sk',E,P_v,'ok','LineWidth',3,'MarkerSize',10)
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p = polyfit(E,P_a,2)
f_a = polyval(p,E);
p = polyfit(E,P_v,2)
f_v = polyval(p,E);
hold on
plot(E,f_a,'-.k',E,f_v,'-k','LineWidth',3,'MarkerSize',10)
xlabel('\epsilon_3','fontweight','bold','fontsize',15)
ylabel('P_3-core-core
(C/m^2)','fontweight','bold','fontsize',15)
legend('P_3(u) - Wright 2004','P_3(v) - Wright
2004','linear Fit of
P_3','fontweight','bold','fontsize',20)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
% Plot for compare dP_a/dU with dP_v/dU
figure(8)
plot(U,P_a,'sk',U,P_v,'ok','LineWidth',3,'MarkerSize',10)
p1 = polyfit(U,P_a,1)
f_a = polyval(p1,U);
p2 = polyfit(U,P_v,1)
f_v = polyval(p2,U);
hold on
plot(U,f_a,'sk',U,f_v,'-k','LineWidth',3,'MarkerSize',10)
xlabel('u (eV)','fontweight','bold','fontsize',15)
ylabel('P_3-core-core
(C/m^2)','fontweight','bold','fontsize',15)
legend('P_3(u) - Wright 2004','P_3(v) - Wright
2004','fontweight','bold','fontsize',20)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
hold off
% Calculate P3 using coordinate fraction u
function [E,P,U] = Polarization_a(r1,s)
q = 2.0 * e;
n = length(r1(:,1));
for i = 1:n
st = append(s,int2str(r1(i,1)),'.atom');
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r2 = dlmread(st,' ',9,0);
Zn_O = Uk(r2);
a = r1(i,3);
c = r1(i,5);
c_a = c/a;
u
= Zn_O/c;
U(i) = u;
P(i) = (-4 * q * u)/(sqrt(3) * a^2 * 10^-20);
dP_adu = (-4 * q)/(sqrt(3) * a^2 * 10^-20)
E(i) = r1(i,2);
end
end
% Calculate P3 using volume
function [E,P] = Polarization_V(r1,s,dir)
n = length(r1(:,1));
for i = 1:n
V
= r1(i,6);
st = append(s,int2str(r1(i,1)),'.atom');
r2 = dlmread(st,' ',9,0);
P(i) = Polarization(r2,dir,V);
E(i) = r1(i,2);
end
end
end
% Calculate P3
function [P3] = Polarization(r,dir,V)
e = 1.6021766208 * 10^-19; % C
z1 = 2.0; % Zn electrons charge
z2 = -2.0; % S electrons charge
n = length(r(:,1));
sum = 0;
for i = 1:n;
type = r(i,2);
ri = r(i,dir) * 10^-10; % from A to m
if(type == 1)
% fprintf('element = Zn charge = 2\n');
sum = sum + (z1 * e) * ri;
% C.m
elseif (type ==2)
%
fprintf('element = O
charge = -2\n');
sum = sum + (z2 * e) * ri;
end
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end
P3 = sum/V;
P3 = P3 / (10^-10)^3;
end
% Calculate coordinate fraction u
function u = Uk(r)
u = 1;
n = length(r(:,1));
sum = 0;
counter = 0;
for i = 1:n
id1
= r(i,1);
type1 = r(i,2);
for j = 1:n
id2 = r(j,1);
type2 = r(j,2);
if (type1 == 1 && type2 == 2)
x1 = r(i,3);
y1 = r(i,4);
z1 = r(i,5);
%
x2 = r(j,3);
y2 = r(j,4);
z2 = r(j,5);
if abs(x2-x1) < 0.3 && abs(y2-y1) < 0.3 &&
abs(z2-z1) <= 2.6
d = sqrt( (z2-z1)^2 );
sum = sum + d;
counter = counter + 1;
end
end
end
u = sum/counter;
end
end
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MATLAB CODE FOR CORE-SHELL SIMULATION

function Core_shell_simulation
clc
format short
rn = load('ZnS_3x3x3_0.1K_Z_-100000000_lattice.txt');
rp = load('ZnS_3x3x3_0.1K_Z_100000000_lattice.txt');
V = 20569.64;
% Charge of electron
e = 1.6021766208 * 10^-19;
q = 2 * e;
dP3du = (4*(-2.06))/(sqrt(3)*(3.281^2))
dudE3 = -2.3;
e33 = -0.44 + dP3du*dudE3
z_dir = 5;
r = dlmread('ZnS_0.1K_Z_SS_U_-100000000.0.atom','
',9,0);
a = rn(1,3)
b = rn(1,4)
c = rn(1,5)
V = rn(1,6)
Pv_0 = Polarization(r,z_dir,V)
Zn_O = Uk(r)
c = c
u_0 = Zn_O/c
Pa_0 = (-4 * q * u_0)/(sqrt(3) * a^2 * 10^-20)
[E_n,P_a_n,U_n] = Polarization_a(rn,'ZnS_0.1K_Z_SS_U_100000000.');
[E_p,P_a_p,U_p] =
Polarization_a(rp,'ZnS_0.1K_Z_SS_U_100000000.');
% Strain
E_n = E_n(length(E_n):-1:1);
E = [E_n,E_p];
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% Polarizations
P_a_n = P_a_n(length(P_a_n):-1:1);
P_a = [P_a_n,P_a_p]
% Coordinate faction
U_n = U_n(length(U_n):-1:1);
U = [U_n,U_p];
% Volume parameters
V_n = rn(:,6);
V_n = V_n(length(V_n):-1:1);
Vc = [V_n;rp(:,6)]';
[E_n,P_v_n] = Polarization_V(rn,'ZnS_0.1K_Z_SS_U_100000000.',z_dir);
[E_p,P_v_p] =
Polarization_V(rp,'ZnS_0.1K_Z_SS_U_100000000.',z_dir);
P_v_n = P_v_n(length(P_v_n):-1:1);
P_v = [P_v_n,P_v_p]
% Experimental Value
e_a_int_Die = -0.182 * -6.94
% Plot for dU/dE
figure(1)
plot(E,U,'sk','LineWidth',3,'MarkerSize',10)
p = polyfit(E,U,2);
f = polyval(p,E);
hold on
plot(E,f,'--k','LineWidth',3,'MarkerSize',10)
xlabel('\epsilon_3','fontweight','bold','fontsize',15)
ylabel('u (eV)','fontweight','bold','fontsize',15)
legend('Wright (2004) potential','linear Fit of
u','fontweight','bold','fontsize',20)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dUdE = p(2)
% Plot for dP/dU
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figure(2)
plot(U,P_v,'--k','LineWidth',3,'MarkerSize',10)
p = polyfit(U,P_v,1);
f = polyval(p,U);
hold on
plot(U,f,'sk','LineWidth',3,'MarkerSize',10)
xlabel('U(eV)','fontweight','bold','fontsize',15')
ylabel('P_v (C/m^2)','fontweight','bold','fontsize',15)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dP_vdU = p(1)
% Using left side of proper piezoelectric constants
e_v_int_l = dP_vdU * dUdE
% Plot for dP/dE
figure(3)
plot(E,P_v,'--b','LineWidth',3,'MarkerSize',10)
p = polyfit(E,P_v,2);
f = polyval(p,E);
hold on
plot(E,f,'sr','LineWidth',3,'MarkerSize',10)
xlabel([char(949)],'fontweight','bold','fontsize',15)
ylabel('P_v (C/m^2)','fontweight','bold','fontsize',15)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dP_vdE = p(2)
% Plot for dP_a/dU
figure(4)
plot(U,P_a,'--b','LineWidth',3,'MarkerSize',10)
p1 = polyfit(U,P_a,1);
f = polyval(p1,U);
hold on
plot(U,f,'sr','LineWidth',3,'MarkerSize',10)
xlabel('U (eV)','fontweight','bold','fontsize',15)
ylabel('P_a (C/m^2)','fontweight','bold','fontsize',15)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dP_adU = p1(1)
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% Using right side of proper piezoelectric constants
e_a_int_r = dP_adU * dUdE
% Plot for dP_a/dE
figure(5)
plot(E,P_a,'--b','LineWidth',3,'MarkerSize',10)
p = polyfit(E,P_a,2);
f = polyval(p,E);
hold on
plot(E,f,'sr','LineWidth',3,'MarkerSize',10)
xlabel([char(949)],'fontweight','bold','fontsize',15)
ylabel('P_a (C/m^2)','fontweight','bold','fontsize',15)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
dP_adE = p(2)
0
% Calculate 𝑒33
e_a_0 = dP_adE - e_a_int_r

% Plot for dE/dV
figure(6)
plot(E,Vc,'--k','LineWidth',3,'MarkerSize',10)
p = polyfit(E,Vc,2);
f = polyval(p,E);
hold on
plot(E,f,'sk','LineWidth',3,'MarkerSize',10)
xlabel('\epsilon_3','fontweight','bold','fontsize',15)
ylabel('V (A^3)','fontweight','bold','fontsize',15)
legend('linear Fit of V - Wright
2004','fontweight','bold','fontsize',20)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
% Plot for compare dP_a/dE with dP_v/dE
figure(7)
plot(E,P_a,'sk',E,P_v,'ok','LineWidth',3,'MarkerSize',10)
p = polyfit(E,P_a,2)
f_a = polyval(p,E);
p = polyfit(E,P_v,2)
f_v = polyval(p,E);
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hold on
plot(E,f_a,'-.k',E,f_v,'-k','LineWidth',3,'MarkerSize',10)
xlabel('\epsilon_3','fontweight','bold','fontsize',15)
ylabel('P_3-core-core
(C/m^2)','fontweight','bold','fontsize',15)
legend('P_3(u) - Wright 2004','P_3(v) - Wright
2004','linear Fit of
P_3','fontweight','bold','fontsize',20)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
% Plot for compare dP_a/dU with dP_v/dU
figure(8)
plot(U,P_a,'sk',U,P_v,'ok','LineWidth',3,'MarkerSize',10)
p1 = polyfit(U,P_a,1)
f_a = polyval(p1,U);
p2 = polyfit(U,P_v,1)
f_v = polyval(p2,U);
hold on
plot(U,f_a,'sk',U,f_v,'-k','LineWidth',3,'MarkerSize',10)
xlabel('u (eV)','fontweight','bold','fontsize',15)
ylabel('P_3-core-core
(C/m^2)','fontweight','bold','fontsize',15)
legend('P_3(u) - Wright 2004','P_3(v) - Wright
2004','fontweight','bold','fontsize',20)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
hold off
% Calculate P3 using coordinate fraction u
function [E,P,U] = Polarization_a(r1,s)
q = 2.0 * e;
n = length(r1(:,1));
for i = 1:n
st = append(s,int2str(r1(i,1)),'.atom');
r2 = dlmread(st,' ',9,0);
Zn_O = Uk(r2);
a = r1(i,3);
c = r1(i,5);
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c_a = c/a;
u
= Zn_O/c;
U(i) = u;
P(i) = (-4 * q * u)/(sqrt(3) * a^2 * 10^-20);
dP_adu = (-4 * q)/(sqrt(3) * a^2 * 10^-20)
E(i) = r1(i,2);
end
end
% Calculate P3 using volume
function [E,P] = Polarization_V(r1,s,dir)
n = length(r1(:,1));
for i = 1:n
V
= r1(i,6);
st = append(s,int2str(r1(i,1)),'.atom');
r2 = dlmread(st,' ',9,0);
P(i) = Polarization_CS(r2,dir,V);
E(i) = r1(i,2);
end
end
end
% Calculate Polarization P3
function [P3] = Polarization(r,dir,V)
e = 1.6021766208 * 10^-19; % C
z1 = 2.0; % Valence electrons
z2 = -2.0; %
n = length(r(:,1));
sum = 0;
for i = 1:n;
type = r(i,2);
ri = r(i,dir) * 10^-10; % from A to m
if(type == 1)
% fprintf('element = Zn charge = 2\n');
sum = sum + (z1 * e) * ri;
elseif (type ==2)
% fprintf('element = S
charge = -2\n');
sum = sum + (z2 * e) * ri;
end
end
P3 = sum/V;
P3 = P3 / (10^-10)^3;
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end
% Calculate coordinate fraction u
function u = Uk(r)
u = 1;
n = length(r(:,1));
sum = 0;
counter = 0;
for i = 1:n
id1
= r(i,1);
type1 = r(i,2);
for j = 1:n
id2 = r(j,1);
type2 = r(j,2);
if (type1 == 1 && type2 == 2)
x1 = r(i,3);
y1 = r(i,4);
z1 = r(i,5);
x2
y2
z2
if
abs(z2-z1) <= 2.6

= r(j,3);
= r(j,4);
= r(j,5);
abs(x2-x1) < 0.3 && abs(y2-y1) < 0.3 &&
d = sqrt( (z2-z1)^2 );
sum = sum + d;
counter = counter + 1;

end
end
end
u = sum/counter;
end
end
function [P3] = Polarization_CS(r,dir,V)
e = 1.6021766208 * 10^-19;
% Charge of Core, Core, Shell, Shell
z = [2.00, 1.030610, 0.0, -3.030610];
%
z = [2.00, -2.0, 0.0, 0.0];
n = length(r(:,1));
sum = 0;
for i = 1:n;
type = r(i,2);
ri = r(i,dir) * 10^-10; % from A to m
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sum = sum + (z(type) * e) * ri;
end
P3 = sum/V;
P3 = P3 / (10^-10)^3;
end
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% C.m

APPENDIX D:
CODE USED TO CALCULATE ELASTIC CONSTANTS IN THIS THESIS
ELASTIC CONSTANT LAMMPS CODE
Displace.mod
# NOTE: This script should not need to be
# modified. See in.elastic for more info.
#
# Find which reference length to use
if "${dir} == 1" then &
"variable len0 equal
if "${dir} == 2" then &
"variable len0 equal
if "${dir} == 3" then &
"variable len0 equal
if "${dir} == 4" then &
"variable len0 equal
if "${dir} == 5" then &
"variable len0 equal
if "${dir} == 6" then &
"variable len0 equal

${lx0}"
${ly0}"
${lz0}"
${lz0}"
${lz0}"
${ly0}"

# Reset box and simulation parameters
clear
read_restart restart.equil
include potential.mod
# Negative deformation
variable delta equal -${up}*${len0}
if "${dir} == 1" then &
"change_box all x delta 0 ${delta} remap units box"
if "${dir} == 2" then &
"change_box all y delta 0 ${delta} remap units box"
if "${dir} == 3" then &
"change_box all z delta 0 ${delta} remap units box"
if "${dir} == 4" then &
"change_box all yz delta ${delta} remap units box"
if "${dir} == 5" then &
"change_box all xz delta ${delta} remap units box"
if "${dir} == 6" then &
"change_box all xy delta ${delta} remap units box"
# Relax atoms positions
minimize ${etol} ${ftol} ${maxiter} ${maxeval}
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# Obtain new stress tensor
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable

tmp equal pxx
pxx1 equal ${tmp}
tmp equal pyy
pyy1 equal ${tmp}
tmp equal pzz
pzz1 equal ${tmp}
tmp equal pxy
pxy1 equal ${tmp}
tmp equal pxz
pxz1 equal ${tmp}
tmp equal pyz
pyz1 equal ${tmp}

# Compute elastic constant from pressure tensor
variable
variable
variable
variable
variable
variable

C1neg
C2neg
C3neg
C4neg
C5neg
C6neg

equal
equal
equal
equal
equal
equal

${d1}
${d2}
${d3}
${d4}
${d5}
${d6}

# Reset box and simulation parameters
clear
read_restart restart.equil
include potential.mod
# Positive deformation
variable delta equal ${up}*${len0}
if "${dir} == 1" then &
"change_box all x delta 0 ${delta} remap units box"
if "${dir} == 2" then &
"change_box all y delta 0 ${delta} remap units box"
if "${dir} == 3" then &
"change_box all z delta 0 ${delta} remap units box"
if "${dir} == 4" then &
"change_box all yz delta ${delta} remap units box"
if "${dir} == 5" then &
"change_box all xz delta ${delta} remap units box"
if "${dir} == 6" then &
"change_box all xy delta ${delta} remap units box"
# Relax atoms positions
minimize ${etol} ${ftol} ${maxiter} ${maxeval}
# Obtain new stress tensor
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variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable

tmp equal pe
e1 equal ${tmp}
tmp equal press
p1 equal ${tmp}
tmp equal pxx
pxx1 equal ${tmp}
tmp equal pyy
pyy1 equal ${tmp}
tmp equal pzz
pzz1 equal ${tmp}
tmp equal pxy
pxy1 equal ${tmp}
tmp equal pxz
pxz1 equal ${tmp}
tmp equal pyz
pyz1 equal ${tmp}

# Compute elastic constant from pressure tensor
variable
variable
variable
variable
variable
variable

C1pos
C2pos
C3pos
C4pos
C5pos
C6pos

equal
equal
equal
equal
equal
equal

${d1}
${d2}
${d3}
${d4}
${d5}
${d6}

# Combine positive and negative
variable
variable
variable
variable
variable
variable

C1${dir}
C2${dir}
C3${dir}
C4${dir}
C5${dir}
C6${dir}

equal
equal
equal
equal
equal
equal

0.5*(${C1neg}+${C1pos})
0.5*(${C2neg}+${C2pos})
0.5*(${C3neg}+${C3pos})
0.5*(${C4neg}+${C4pos})
0.5*(${C5neg}+${C5pos})
0.5*(${C6neg}+${C6pos})

# Delete dir to make sure it is not reused
variable dir delete

In.elastic
# Compute elastic constant tensor for a crystal
#
# Written by Aidan Thompson (Sandia, athomps@sandia.gov)
#
# This script uses the following three include files.
#
#
init.mod
(must be modified for different crystal structures)
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#
Define units, deformation parameters and initial
#
configuration of the atoms and simulation cell.
#
#
#
potential.mod
(must be modified for different pair styles)
#
Define pair style and other attributes
#
not stored in restart file
#
#
#
displace.mod
(displace.mod should not need to be modified)
#
Perform positive and negative box displacements
#
in direction ${dir} and size ${up}.
#
It uses the resultant changes
#
in stress to compute one
#
row of the elastic stiffness tensor
#
#
Inputs variables:
#
dir = the Voigt deformation component
#
(1,2,3,4,5,6)
#
Global constants:
#
up = the deformation magnitude (strain units)
#
cfac = conversion from LAMMPS pressure units to
#
output units for elastic constants
#
#
# To run this on a different system, it should only be necessary to
# modify the files init.mod and potential.mod. In order to calculate
# the elastic constants correctly, care must be taken to specify
# the correct units in init.mod (units, cfac and cunits). It is also
# important to verify that the minimization of energy w.r.t atom
# positions in the deformed cell is fully converged.
# One indication of this is that the elastic constants are
insensitive
# to the choice of the variable ${up} in init.mod. Another is to
check
# the final max and two-norm forces reported in the log file. If you
know
# that minimization is not required, you can set maxiter = 0.0 in
# init.mod.
#
# There are two alternate versions of displace.mod provided.
# They are displace_restart.mod and displace_reverse.mod.
# The former resets the box using a restart file while
# the latter reverses the deformation. Copy whichever
# one you like best to displace.mod.
#
include init.mod
include potential.mod
include NPT.mod
# Compute initial state
fix 3 all box/relax iso 0.0
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minimize ${etol} ${ftol} ${maxiter} ${maxeval}
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable
variable

tmp equal pxx
pxx0 equal ${tmp}
tmp equal pyy
pyy0 equal ${tmp}
tmp equal pzz
pzz0 equal ${tmp}
tmp equal pyz
pyz0 equal ${tmp}
tmp equal pxz
pxz0 equal ${tmp}
tmp equal pxy
pxy0 equal ${tmp}

variable
variable
variable
variable
variable
variable

tmp
lx0
tmp
ly0
tmp
lz0

equal
equal
equal
equal
equal
equal

lx
${tmp}
ly
${tmp}
lz
${tmp}

# These formulas define the derivatives w.r.t. strain components
# Constants uses $, variables use v_
variable d1 equal -(v_pxx1-${pxx0})/(v_delta/v_len0)*${cfac}
variable d2 equal -(v_pyy1-${pyy0})/(v_delta/v_len0)*${cfac}
variable d3 equal -(v_pzz1-${pzz0})/(v_delta/v_len0)*${cfac}
variable d4 equal -(v_pyz1-${pyz0})/(v_delta/v_len0)*${cfac}
variable d5 equal -(v_pxz1-${pxz0})/(v_delta/v_len0)*${cfac}
variable d6 equal -(v_pxy1-${pxy0})/(v_delta/v_len0)*${cfac}
# Write restart
unfix 3
write_restart restart.equil
# uxx Perturbation
variable dir equal 1
include displace.mod
# uyy Perturbation
variable dir equal 2
include displace.mod
# uzz Perturbation
variable dir equal 3
include displace.mod
# uyz Perturbation
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variable dir equal 4
include displace.mod
# uxz Perturbation
variable dir equal 5
include displace.mod
# uxy Perturbation
variable dir equal 6
include displace.mod
# Output final values
variable C11all equal ${C11}
variable C22all equal ${C22}
variable C33all equal ${C33}
variable C12all equal 0.5*(${C12}+${C21})
variable C13all equal 0.5*(${C13}+${C31})
variable C23all equal 0.5*(${C23}+${C32})
variable C44all equal ${C44}
variable C55all equal ${C55}
variable C66all equal ${C66}
variable C14all equal 0.5*(${C14}+${C41})
variable C15all equal 0.5*(${C15}+${C51})
variable C16all equal 0.5*(${C16}+${C61})
variable C24all equal 0.5*(${C24}+${C42})
variable C25all equal 0.5*(${C25}+${C52})
variable C26all equal 0.5*(${C26}+${C62})
variable C34all equal 0.5*(${C34}+${C43})
variable C35all equal 0.5*(${C35}+${C53})
variable C36all equal 0.5*(${C36}+${C63})
variable
variable
variable
variable
variable

C45all
C46all
C56all
Bm
Cpr

equal
equal
equal
equal
equal

0.5*(${C45}+${C54})
0.5*(${C46}+${C64})
0.5*(${C56}+${C65})
(1/3)*(${C11all}+2*(${C12all}))
0.5*(${C11all}-(${C12all}))

# For Stillinger-Weber silicon, the analytical results
# are known to be (E. R. Cowley, 1988):
#
C11 = 151.4 GPa
#
C12 = 76.4 GPa
#
C44 = 56.4 GPa
print "Elastic Constant C11all = ${C11all} ${cunits}"
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print "Elastic Constant C22all = ${C22all} ${cunits}"
print "Elastic Constant C33all = ${C33all} ${cunits}"
print "Elastic Constant C12all = ${C12all} ${cunits}"
print "Elastic Constant C13all = ${C13all} ${cunits}"
print "Elastic Constant C23all = ${C23all} ${cunits}"
print "Elastic Constant C44all = ${C44all} ${cunits}"
print "Elastic Constant C55all = ${C55all} ${cunits}"
print "Elastic Constant C66all = ${C66all} ${cunits}"
print "Elastic Constant C14all = ${C14all} ${cunits}"
print "Elastic Constant C15all = ${C15all} ${cunits}"
print "Elastic Constant C16all = ${C16all} ${cunits}"
print "Elastic Constant C24all = ${C24all} ${cunits}"
print "Elastic Constant C25all = ${C25all} ${cunits}"
print "Elastic Constant C26all = ${C26all} ${cunits}"
print "Elastic Constant C34all = ${C34all} ${cunits}"
print "Elastic Constant C35all = ${C35all} ${cunits}"
print "Elastic Constant C36all = ${C36all} ${cunits}"
print "Elastic Constant C45all = ${C45all} ${cunits}"
print "Elastic Constant C46all = ${C46all} ${cunits}"
print "Elastic Constant C56all = ${C56all} ${cunits}"
print "Bulk Modulus BMall
= ${Bm}
print "Elastic Constant Cprall = ${Cpr}

${cunits}"
${cunits}"

Init.mod
# NOTE: This script can be modified for different atomic structures,
# units, etc. See in.elastic for more info.
#
# Define the finite deformation size. Try several values of this
# variable to verify that results do not depend on it.
variable up equal 1.0e-6
# Uncomment one of these blocks, depending on what units
# you are using in LAMMPS and for output
# metal units, elastic constants in eV/A^3
#units
metal
#variable cfac equal 6.2414e-7
#variable cunits string eV/A^3
# metal units, elastic constants in GPa
units
metal
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variable cfac equal 1.0e-4
variable cunits string GPa
# real units, elastic constants in GPa
#units
real
#variable cfac equal 1.01325e-4
#variable cunits string GPa
# Define
variable
variable
variable
variable
variable

minimization parameters
etol equal 0.0
ftol equal 1.0e-10
maxiter equal 10000
maxeval equal 1000000
dmax equal 1.0e-6

# generate the box and atom positions using a diamond lattice
boundary

p p p

atom_style

full

variable

N equal 6

# Generate a Wurtzite crystal with 4 basis
variable
variable
variable

a
c
u

equal 3.8227
equal 6.2607
equal 0.3748

variable
variable
variable
variable
variable

c_a
s_2
u_2
1_3
2_3

equal
equal
equal
equal
equal

$c/$a
sqrt(3.0)/2.0
${u}+0.5
1/3
2/3

lattice

custom $a &
a1 0.5 -${s_2} 0.0 &
a2 0.5 ${s_2} 0.0 &
a3 0.0 0.0 ${c_a} &
basis ${1_3} ${2_3} 0.0 &
basis ${2_3} ${1_3} 0.5 &
basis ${1_3} ${2_3} $u &
basis ${2_3} ${1_3} ${u_2}

region

sregion prism 0 $N

create_box

2 sregion

0 $N
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0 $N 0 0 0

# Basis 1 & 2 is Zn, Basis 3 Basis 4 is S
create_atoms

1 region sregion basis 3 2 basis 4 2

NPT.mod
variable
variable
velocity

t equal 300
p equal 0
all create $t 4928459

fix
fix

1 all npt temp $t 1.0 10 iso 0.0 0.0 100
2 all temp/rescale 1 $t 1.0 0.01 1.0

run
unfix
unfix

10000
1
2

Potential.mod
# NOTE: This script can be modified for different pair styles
# See in.elastic for more info.
#include

init.mod

# Choose potential
#
pair_style

buck/coul/long/cs 12

# Zn-Zn
pair_coeff

* * 0.0 1.0 0.0 0.0

# Zn_shell - S_shell
pair_coeff

1 2 580.84615 0.400505 0.0

# S_shell - S_shell
pair_coeff

2 2 1199.78975 0.148604 0.0

pair_modify

shift yes

# atomic mass of Zn
mass
# atomic mass of O
mass
# charges of Zn
set

1 65.38
2 32.059
type 1 charge
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2.0

# charges of O
set

type 2 charge -2.0

dielectric

1.0

pair_modify
kspace_style
neighbor

shift yes
ewald/disp 1.0E-06
3.0 bin

# Setup neighbor style
neighbor 1.0 nsq
neigh_modify once no every 1 delay 0 check yes
# Setup minimization style
min_style
cg
min_modify
dmax ${dmax} line quadratic
dump
1
dump
2
dump_modify 2
# Setup output
thermo
#

all xyz 10 ZnS.xyz
all custom 10 ZnS_Custom.xyz type id x y z
sort 1
1

pxx,pyy,pzz,pxy,pxz,pyz = 6 components of pressure tensor

thermo_style custom step temp pe press pxx pyy pzz pxy pxz pyz lx ly
lz vol
thermo_modify norm no
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APPENDIX E:
CODE USED TO CALCULATE BULK MODULUS IN THIS THESIS
BULK MODULUS LAMMPS CODE
units
boundary
atom_style

metal
p p p
full

fix

csinfo all property/atom i_CSID

read_data
CS-Info

ZnS_3x3x3x2_dihedral_Coreshell.data fix csinfo NULL

group cores
group shells

type 1 2
type 3 4

neighbor
comm_modify

2.0 bin
vel yes

kspace_style

ewald 1.0e-6

pair_style

buck/coul/long/cs 12

# *-*
pair_coeff

* * 0.0 1.0 0.0 0.0

# Zn_core - S_shell
pair_coeff

1 4 672.288 0.39089 0.0

# S_shell - S_shell
pair_coeff

4 4 1200.0 0.149 0.0

pair_modify

shift yes

angle_style

harmonic_decay

#S_Shell - Zn_Core - S_Shell
angle_coeff
1 4714170 109.47 0.3 0.3
dihedral_style

charmm

dihedral_coeff

1 0.005 3 0 0.0

special_bonds

coul 0.0 0.0 1.0 angle yes dihedral yes

bond_style
bond_coeff
bond_coeff

harmonic
1 0 0
2 6.6513715 0
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variable
l loop 21
variable
p index -10000 -9000 -8000 -7000 -6000 -5000 4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
10000
variable
t index 1
#velocity
all create $t 4928459
compute CStemp all temp/cs cores shells
compute thermo_press_lmp all pressure thermo_temp
thermo_modify temp CStemp press thermo_press_lmp
velocity
all create $t 4928459 dist gaussian mom yes
rot no bias yes temp CStemp
velocity
all scale $t temp CStemp
fix
fix
fix
fix
fix_modify

5
1
2
3
5

all temp/berendsen $t $t 0.4
all nve
all temp/rescale 1 $t $t 0.01 1.0
all nph iso $p $p 1 drag 100
temp CStemp

fix_modify
correct kinetic scalar

3 press thermo_press_lmp # pressure for

variable
variable
variable
variable
variable

Vol
xl
yl
zl
Ec

thermo_style
thermo

custom step press etotal lx ly lz vol
100

run

10000

print

"$p ${Vol}" append ZnS_BM.dat screen yes

next
clear
next
jump

p

equal
equal
equal
equal
equal

vol
lx/6
ly/6
lz/6
pe/atoms

l
ZnS_BM_input.text
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BULK MODULUS MATLAB CODE

%**********************************************************
%Nonlinear Least Squares
%**********************************************************
function NLLS
warning off
clc
load ZnS_BM.dat
r = ZnS_BM(:,:);
P = r(:,1)
V = r(:,2)
BM = LS(P,V);
%**********************************************************
% Convert from bars to Pa
%**********************************************************
BM_Pa = BM * 10^5
%**********************************************************
% Convert from Pa to GPa
%**********************************************************
BM_GPa = BM_Pa * 10^-9
s = sprintf('ZnS Bulk Modulaus = %s GPa',BM_GPa)
plot(P,V,'k','LineWidth',5,'MarkerSize',10)
xlabel('Pressure /
(GPa)','fontweight','bold','fontsize',15)
ylabel('Volume / (angst
cubed)','fontweight','bold','fontsize',15)
legend(s)
set(gca,'fontweight','bold',"linewidth",3,'fontsize',25)
box on
set(gca,'fontweight','bold','linewidth',3)
set(gca,'fontsize',18)
end
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%**********************************************************
% Calculate Q Matrix
%**********************************************************
function Q = Qm(c,v)
n = length(v);
for i=1:n
Q(i,1) = v(i)*v(i);
Q(i,2) = v(i);
Q(i,3) = 1.0;
end
end
%**********************************************************
% Calculate r Vector
%**********************************************************
function r = rv(v,p,c)
n = length(v);
r = zeros(n,1);
for i = 1:n
r(i) = p(i)-(c(1)*v(i)*v(i)+c(2)*v(i)+c(3));
end
end
%**********************************************************
% Calculate bulk modulus value
%**********************************************************
function B_Ave = LS(p,v)
c = [1;1;1];
dc = 2*c;
while (dc' * dc) > 10^-7
Q = Qm(c,v);
r = rv(v,p,c);
dc = (Q'*Q)\(Q'*r);
c = c + dc;
fprintf('%f\t\t%f\t%f\n',c(1),c(2),c(3))
end
fprintf('\n
P
V
n = length(v);
for i = 1:n
100

B\n')

B(i) = -v(i)*(2*c(1)*v(i)+c(2));
fprintf('%f\t\t%f\t\t%f\n',p(i),v(i),B(i))
end
B_Ave = sum(B)/n
end

101

